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FOREWORD 


This report presents the results of the Phase I portion of a study on 
Turboprop Cargo Aircraft Systems by . the Lockheed-Georgia Company for the 
National Aeronautics and Space Administration Langley Research Center at 
Hampton, Virginia. In the Phase II part of this study, attention will be 
directed toward several areas identified in the initial phase as requiring 
further investigation. 

This study was jointly supported by NASA Contract No. NAS1-15708 and by 
Lockheed's Independent Research and Development Program. The latter was used 
to assemble propulsion data bases for turboshaft (Appendix E) and turbofan 
(Appendix J) engines, to develop the noise methodology (Appendix C) used in 
the aircraft parametric studies, and to define the competitive turbofan- 
powered aircraft (Reference Turbofan Aircraft Studies Section). 

Mr. Atwood R. Heath, Jr. served as the NASA technical monitor of this 
study until his retirement in December 1979. He has been ably succeeded by 
Mr. S. Jack Morris. 

Dr. John C. Muehlbauer directed the Lockheed effort on this study which 
was performed as part of a continuing preliminary design investigation of new 
aircraft concepts by the Lockheed-Georgia Company's Advanced Concepts Depart- 
ment - Mr. Roy H. Lange, Manager. Other major Lockheed contributors to this 
study were: 


C. Lee Bowden, Jr. 
Stephen P. Lindenbaum 
Anthony P. Pennock 
R. Ernest Stephens 
James E. Viney 


William A. French 
Robert T. Meyer 
Charles C. Randall 
F. Robert Stone, Jr. 
L. Richard Woodward 


James G. Hewell, Jr. 
R. Dennis O'Brien 
Norm Searle 
Sterling G. Thompson 


The Hamilton Standard Division of United Technologies Corporation, under 
subcontract to Lockheed, provided data on their advanced propeller concept - 
the propfan, and furnished the propeller noise levels of the selected aircraft 
for the prediction correlation discussed in Appendix G. Mr. Bernard S. Gatzen 
served as the Hamilton Standard study manager. 

Special recognition and our appreciation are extended to the Commercial 
Products Division of Pratt & Whitney Aircraft Company for their cooperation 
and contributions concerning the turboshaft and turbofan engines used in this 
study. 

Numbers contained in this report are in both SI and customary units, with 
the former stated first and the latter in parentheses. All of the 
calculations were made in the customary system of units and then converted to 
SI units. 
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SUMMARY 

Future air transportation faces two 
serious threats: the rising cost and 
uncertain availability of fuel and cur- 
tailed operations due to noise regula- 
tions around airports. This report 
presents the results of a Lockheed 
study of an advanced turboprop (prop- 
fan) propulsion system concept that has 
been proposed as a means of reducing 
the impact of these two threats. The 
propfan is a highly-loaded, multi-blade 
turboprop system that incorporates ad- 
vanced aerodynamic and structures tech- 
nology in the propeller to provide high 
aerodynamic efficiency and low noise at 
flight speeds up to 0.8 Mach number for 
altitudes of 9.1 km (30,000 ft) and 
above . 

Current federal regulations specify 
that noise certification measurements 
for aircraft be taken at three discrete 
locations for a type of flight profile 
that is considerably different from 
that typically flown in normal com- 
mercial operation. Consequently, two 
aircraft may satisfy the regulations 
equally, but they may be perceived by 
the neighboring community as radically 
different, because one is heard 
throughout a much larger area around 
the airport than the other. The extent 
of the .area affected by the aircraft 
noise at a specified or higher level, 
the noiseprint area, is probably a 
better measure than the federal regula- 
tions for determining if a new aircraft 
will be a quiet neighbor that will not 
face operational curfews due to noise. 
This is not a recommendation that air- 
craft noiseprint areas be incorporated 
into any federal regulations; such 
action is unnecessary because public 
and commercial demands will force air- 
craft manufacturers to minimize noise- 
print areas in the design of future 
transport aircraft if they are to be 
bought and flown. 

The objective of this study was to 
explore the effects of using advanced 
turboprop propulsion systems to reduce 
the fuel consumption and direct 
operating costs of cargo aircraft and 


to determine the impact of these 
systems on aircraft noise and noise- 
prints around a terminal area. To 
accomplish this, parametric variations 
of aircraft and propeller charac- 
teristics were investigated to 
determine their effects on noiseprint 
areas, fuel consumption, and direct 
operating costs (DOC). From these re- 
sults, three aircraft designs were 
selected and subjected to design re- 
finements and sensitivity analyses. 
Three competitive turbofan aircraft 
were also defined from parametric 
studies to provide a basis for com- 
paring the two types of propulsion. 

That comparison showed that ad- 
vanced turboprop aircraft offer the 
potential for impressive performance 
benefits relative to advanced turbofan 
aircraft. The turboprop aircraft 
experienced a fuel saving of 17 to 21 
percent, better fuel efficiency of 21 
to 26 percent, and lower DOCs by 8 to 
15 percent. Equally significant, 20 to 
25 percent shorter field lengths of the 
turboprop aircraft mean that they can 
service small airports that are in- 
accessible to turbofan aircraft. Rel- 
ative to current turbofan aircraft, the 
fuel saving can be as high as h0 per- 
cent. 

Noisewise, both the turboprop and 
tvrbofan aircraft easily comply with 
current regulations. The turboprop 
aircraft have smaller noiseprint areas 
at a 90 EPNdB level than the turbofan 
aircraft, but larger areas at 80 and 70 
EPNdB levels. The latter two levels 
bracket the range that is typically 
suggested as low enough for curfew-free 
operation. 

Several other results were identi- 
fied : 

o Accuracy of the predicted noise 
levels is critical to the study re- 
sults. Sensitivity study results 
show that a 3-dB increase in the 
predicted noise levels of the air- 
craft produces 100 and 40 percent 
increases in the noiseprints for 
the turboprop and turbofan air- 
craft, respectively. 
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o Operation at cruise Mach numbers 
below 0.8 becomes increasingly 
attractive as fuel price increases 
and becomes a greater percentage of 
aircraft direct operating cost. 

o A propeller speed of about 229 m/s 
(750 fps) provides a compromise for 
minimizing cost and noiseprint. 
Parametric study results show that 
propeller speeds greater than 229 
m/s (750 ft/s) offer only minimal 
reductions in operating costs while 
substantially increasing the noise- 
print area. Lower speeds offer 
slightly smaller noiseprints but at 
severe economic penalties. 

o An installed sea-level disk load- 
ing* of about 402 kW/in (50 hp/ft j 
for the propeller gives aircraft 
designs that effectively compromise 
the conflicting design goals to 
minimize noiseprint area and direct 
operating cost. At lower values, 
the propeller diameters become 
excessively large and the aircraft 
are more expensive to operate. Con- 
versely, with higher values the 
aircraft noiseprints become exceed- 
ingly large. 

o Based on the only available data, 
aircraft with ten-blade, high-speed 
propellers are least costly to 
operate; aircraft with ten-blade, 
moderate-speed propellers provide a 
compromise in minimizing cost and 
noise; and aircraft with six-blade, 
low-speed propellers are quietest. 

o Eight-blade propeller is not a good 
candidate because of a probable 
bias in the available data. Specif- 
ically, the data for the eight and 
ten-blade propellers are based on 
the same total activity factor. 


*The corresponding disk loading during 
cruise is about one half the value at 
sea level . 


while the data for the six and 
eight-blade propellers use the same 
activity factor per blade. Also, 
the propeller manufacturer 
estimated the costs of the eight 
and ten-blade propellers to be 
equal, but the cost for the six- 
blade propeller is less than for 
the other two. 

o FAR 36 noise level measurements are 
probably not a valid indication of 
the impact of aircraft on a commun- 
ity because they are not based on a 
typical flight profile. 

Considerable research and develop- 
ment will be required before an ad- 
vanced turboprop propulsion system can 
be flown on a new aircraft in the for- 
seeable future. New propulsion systems 
typically require a minimum of five to 
seven years for technology development 
and demonstration. Currently, there is 
no effort underway to develop a turbo- 
shaft engine and gearbox of the size 
required . With there being less than 
five years between now and 1985, the 
1985 technology level for the system, 
as specified in a guideline for this 
study, is not likely to be attained. 
However, every effort should be made to 
accelerate all propfan-related tech- 
nology development so that it will be 
available as soon as possible for 
commercial applications because of the 
potential fuel saving. 

Several specific recommendations 
are made to overcome shortcomings en- 
countered during this study and to pro- 
vide design improvements suggested by 
some of the study results. These recom- 
mendations include: a determination of 

propeller effects on wing aerodynamics 
and structure, verification of propul- 
sion system performance and noise 
characteristics by an engine manu- 
facturer, analysis of alternate 
operating procedures, initiation of 
design studies for large-size turbo- 
shaft engines and gearboxes, establish- 
ment of desired noise levels and areas 
for existing airports , and assessment 
of military applications. 
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INTRODUCTION 


Future air cargo faces two serious 
threats: the rising cost and uncertain 
availability of fuel and restricted 
airport use through noise regulations 
which may include night time curfews. 

An advanced turboprop (propfan) 
propulsion system concept has been 
proposed* as a means of reducing the 
possible impact of these threats to 
cargo carried in new aircraft , and is 
now being investigated as part of the 
NASA Aircraft Energy Efficiency pro- 
gram. The propfan concept, as 
described by Dugan et al.** and shown 
in Figure 1, is a highly-loaded, 
multi-blade turboprop system that in- 
corporates advanced aerodynamics and 
structures technology that has largely 
been developed for other aircraft pro- 
pulsion components to achieve high 
aerodynamic efficiency and low noise 
levels at flight speeds up to 0.8 Mach 
number for altitudes of 9.1 km (30,000 
ft) and above. For example, swept lead- 
ing edges are used on the wings of 


* C. Rohrbach and F. B. Metzer, "The 
Prop-fan - A New Look in Propul- 
sor3," AIAA Paper 75-1208, Hamilton 
Standard, October 1975 (Ref. 1) 

A. H. Jackson, Jr. and B. S. 
Gatzen, "Multi-Mis3ion Uses for 
Prop-fan Propulsion," AGARD Paper, 
Hamilton Standard, September 1976 
(Ref. 2) 

B. S. Gatzen and S. M. Hudson, 
"General Characteristics of Fuel 
Conservative Prop-fan Propulsion 
System," SAE Paper 751085, Hamilton 
Standard and Detroit Diesel Alli- 
son, November 1975 (Ref. 3) 

** J. F. Dugan, Jr., B. S. Gatzen and 
W. M. Adamson, "Prop-fan Propulsion 
- Its Status and Potential," SAE 
Paper 780995, NASA-Lewis and 
Hamilton Standard, November 1978 
(Ref. 4) 


high-speed transport aircraft to im- 
prove performance; this aerodynamic 
concept is being applied to the propfan 
blade. The swept blade shape and the 
integrated shape of the spinner and 
nacelle combine to produce a propulsion 
efficiency that is projected in Figure 
2 to be higher than that of typical 
high-bypass-ratio turbofan engines. 



Figure 1. Propfan Propulsion System 


a* 



Figure 2. Comparison of Cruise Effi- 
ciencies for Different Types 
of Aircraft Propulsion 
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Numerous aircraft system studies* 
from as early as 1974 have predicted 
that the propfan system will reduce 
fuel consumption by 15 to 30 percent 
compared with aircraft equipped with 
turbofan engines of equivalent tech- 
nology. Subsequently, since 1976, 
research programs have been underway to 
analyze the propfan and to establish a 
data base through wind-tunnel tests on 
several models.** 


* E. F. Kraus and J. C. Van Abkoude r 
"Cost/Benefit Tradeoffs for Re- 
ducing the Energy Consumption of 
the Commercial Air Transportation 
System," NASA CR-137923, 137924, 

137925, Douglas Aircraft, June 1976 
(Ref. 5) 

J. P. Hopkins and H. E. Wharton, 
"Study of the Cost/Benefit Trade- 
offs for Reducing the Energy Con- 
sumption of the Commercial Air 
Transportation System," NASA 
CR-137926, 137927, Lockheed- 

California, August 1976 (Ref. 6) 

"Energy Consumption Characteristics 
of Transports Using the Prop-fan 
Concept," NASA CR- 137937, 137938, 

Boeing Commercial Airplane Co., 
October 1976 (Ref. 7) 

J. D. Revell and R. H. Tullis, 
"Fuel Conservation Merits of Ad- 
vanced Turboprop Transport Air- 
craft," NASA CR- 152096, Lockheed - 
California, August 1977 (Ref. 8) 

** C. Rohr bach, "A Report on the Aero- 
dynamic Design and Wind Tunnel Test 
of a Prop-fan Model," AIAA Paper 
76-667, Hamilton Standard, July 
1976 (Ref. 9) 


D. C. Mikkelson et al, "Design and 
Performance of Energy Efficient 
Propeller for Mach 0.8 Cruise," SAE 
Paper 770458, NASA-Lewis, 1977 
(Ref. 10) 


J. F. Dugan, D. P. Bencze, and L. 
F. Williams, "Advanced Turboprop 
Technology Development," AIAA Paper 
77-1223, NASA-Lewis and Ames, 
August 1977 (Ref. 11) 

J. A. Baum et al, "Prop-fan Data 
Support Study," NASA CR-152141, 
Hamilton Standard, February 1978 
(Ref. 12) 

H. R. Welge ' and J. P. Crowder, 
"Simulated Propeller Slipstream 
Effects on a Supercritical Wing," 
NASA CR- 152 138, Douglas Aircraft, 
June 1978 (Ref. 13) 

M. L. Boctor et al, "An Analysis of 
Prop-fan/Airf rame Aerodynamic Inte- 
gration," NASA CR- 152 186, Boeing 
Commercial Airplane Co., October 
1978 (Ref. 14) 

J. V. Bowles, T. L. Galloway and L. 
J. Williams, "Turboprop/Propfan 
Performance and Installation Con- 
siderations for Advanced Transport 
Aircraft," SAE Paper 780996, NASA- 
Ames, November 1978 (Ref. 15) 

D. P. Bencze, R. C. Smith, H. R. 
Welge, and J. P. Crowder, "Propel- 
ler Slipstream/Wing Interaction at 
M = 0.8," SAE Paper 780997, NASA- 
Ames and Douglas Aircraft , November 
1978 (Ref. 16) 
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More recently, attention has been 
focused on the noise characteristics of 
this advanced turboprop.* Analytical 
noise prediction methods, acoustic test 
results of scale models, and aircraft 
studies show that the noise of propfan- 
powered aircraft will be below the 
levels specified by the Federal Avia- 
tion Regulations** (FAR) + for new 
certified aircraft. Figure 3 by Dugan 
et al compares the regulatory require- 
ments at the three measuring points 
with the noise levels of current wide- 
body transports and with those expected 
from a four-engine, propfan aircraft ,' H ‘ 


* F. B. Metzger and C. Rohrbach, 
"Aeroacoustic Design of the 
Prop-fan,” AIAA Paper 79-0610, 
Hamilton Standard, March 1979 (Ref. 

17) 

D. B. Hanson, "The Influence of 
Propeller Design Parameters on Far 
Field Harmonic Noise in Forward 
Flight," AIAA Paper 79-0609. 
Hamilton Standard, March 1979 (Ref. 

18) 

D. B. Hanson, "Near Field Noise of 
High Tip Speed Propellers in 
Forward Flight," AIAA Paper 76-565, 
Hamilton Standard, July 1976 (Ref. 
19) 

D. B. Hanson and M. R. Fink, "The 
Importance of Quadrupole Source in 
Prediction of Transonic Tip Speed 
Propeller Noise," Journal of Sound 
and Vibration, Vol . 62, January 
1979 (Ref. 20) 

** "Noi3e Standards: Aircraft Type 
Certification," Federal Aviation 
Regulations, Part 36 (FAR 36 ), 
Federal Aviation Administration, 
Department of Transportation (Ref. 
21 ) 

+ All abbreviations and symbols are 
listed in Appendix A. 

++ Superscript numbers in the text 
corresponds to those of the 
references. 


FAR 34 LIMITS WITH FOUR ENGINE AIRCRAFT TYPES 
('"j CURRENT WIDE BODY TRANSPORTS 



AIRCRAFT GROSS WEIGHT ,1000 


Figure 3» Far Field Noise Limits Com- 
pared to Current and Future 
Aircraft Noise Levels 


Current federal regulations specify 
that the noise certification measure- 
ments be taken at three discrete loca- 
tions for a type of flight profile that 
is considerably different from that 
typically flown in normal airline 
operation. Consequently, two aircraft 
may satisfy the regulations equally, 
but they may be perceived by the 
neighboring community as radically 
different because one is heard through- 
out a large area surrounding the air- 
port, while the second may affect a 
much smaller area. Thus, the extent of 
the area affected by aircraft noise at 
some perceived level, the noiseprint 
area, is probably a better measure than 
those of the regulations when trying to 
determine how well an aircraft will do 
relative to possible operational cur- 
fews that may be imposed at airports to 
reduce noise. Obviously, any new air- 
craft will still have to be designed to 
satisfy the federal regulations. But, 
and perhaps equally important to the 
airlines, consideration will also have 
to be given to reducing the noiseprint 
area of future aircraft to avoid 
locally-imposed operational curfews at 
airports that could have an adverse 
economic impact on air cargo. The 
effect of this additional design con- 
sideration is addressed in this study. 
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Lest there be any confusion, we are 
not advocating any federal regulations 
on aircraft noiseprints but are recog- 
nizing that public and commercial de- 
mands will result in future transport 
aircraft that are quieter than today's 
aircraft. The impact of noise consid- 
erations on aircraft designs in the 
future is directly analogous to the 
current influence of economics. Air- 
lines are buying and flying only those 
aircraft that minimize direct operating 
costs and maximize return-on-investment 
for their route structure, because the 
airlines want to stay in business. If 
the airlines are to survive in the 
future, they will buy new aircraft that 
provide both maximum economics and min- 
imum noiseprints so that their airport 
operations will not be restricted by 
local communities who refuse to tol- 
erate excessive noise and who, there- 
fore, pass legislation that curtails 
operations or even closes airports 
during certain daily periods. 

The objective of this study is to 
explore the effects of using advanced 
turboprop propulsion systems to reduce 
the fuel consumption and direct operat- 
ing costs of cargo aircraft and to 
determine the impact of these systems 
on aircraft noise and noiseprints 
around a terminal area. To accomplish 
this, the sensitivities of performance. 


fuel consumption, productivity, and 
economics are identified for various 
levels of noise reduction for turboprop 
aircraft and are compared with those 
for competitive turbofan aircraft 
designs. 

The overall plan, shown in Figure 
4, for achieving the study objective is 
composed of five major tasks that are 
discussed in more detail in the 
remaining sections. To review briefly, 
in the first task parametric variations 
of aircraft and propeller characteris- 
tics were investigated to determine 
their effects on noiseprint areas and 
direct operating costs. Frcra these 
results, three aircraft designs were 
selected and subjected to refinement 
and design sensitivity analysis in the 
second task. In the third task, 
parametric analyses were performed to 
define three turbofan aircraft with the 
same mission capabilities as the 
selected turboprop aircraft. These 
three turbofan aircraft provide a basis 
for comparing the two types of propul- 
sion in the fourth task. The fifth 
task was to identify potential problem 
areas. As a separate supportive task, 
analytical noise prediction methods 
were developed for use in the para- 
metric studies of both the turboprop 
and turbofan powered aircraft. 
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Figure 4. Study Plan 


TASK 5 












GUIDELINES 


Speed 


Guidelines for the conduct of this 
study were defined by NASA in the 
statement of work or were adopted by 
Lockheed based on experience in trans- 
port aircraft design. For ease of 
presentation , they have been grouped 
according to whether they apply to t'He' 
study in general or are limited in that 
they help only to define the mission, 
to constrain the aircraft configura- 
tion, to delineate applicable advanced 
technologies , to direct the economic 
evaluation, or to establish noise 
goals. 

GENERAL CONSTRAINTS 

The aircraft configurations gen- 
erated in this study could be ready for 
introduction into ‘service between 1990 
and 1995. The configurations include 
those elements of advanced technology 
that may be ready for production 
application in 1985 with the exception 
of the turboprop system, and that have 
the potential for improving per- 
formance, reducing noise and costs, and 
solving design or operational problems. 
Current requirements of the Federal 
Aviation Regulations for Transport 
Category Aircraft are assumed to be 
applicable to aircraft with an initial 
operational capability in the early 
1990s, and are satisfied by the air- 
craft configurations designed in this 
study. 

MISSION DEFINITION 

A single-leg, domestic flight 
serves as the design mission for this 
study. While the mission definition is 
restricted to a single range and flight 
profile, various cruise speeds and pay- 
loads are considered. 

Range 

The design mission range for all 
configurations is 4250 km (2295 n. mi. 
or 2640 s. mi.). 


Three cruise Mach numbers of 0.6, 
0.7, and 0.8 are considered for the 
three smaller payloads. For the 
largest payload, the values are 0.7, 
0.75, and 0.8. 

Payload 

The design payloads for the design 
range consist of 2, 4, 6, and 9 fully 
loaded containers. Nominally, the con- 
tainer size is 2.44 m high by 2.44 m 
wide by 6.1 m long, (8 ft by 8 ft by 20 
ft) while the densities of the payload 
and the container are 160 and 24 kg/m J 
(10 and 1.5 lb/ft^) , respectively. 
Gross payload values , that is net pay- 
load plus container tare, for this 
study are 6800 kg (30,000 lb), 13,600 
kg (60,000 lb), 20,400 kg (90,000 lb), 
and 30,600 kg (135,000 lb). 

Flight Profile 

Details of the mission flight pro- 
file are depicted in Figure 5. The min- 
imum initial cruise altitude is 9,144 m 
(30,000 ft) for the configurations 
designed for the 0.7 and 0.8 cruise 
Mach numbers. For those configurations 
with a 0.6 cruise Mach number, the 
initial cruise altitude is at least 
7600 m (25,000 ft). 

All of the configurations may be 
operated from airports used by current 
transport aircraft designed for a com- 
parable mission. For this study, all 
of the aircraft comply with a maximum 
FAA balanced or factored field length 
limit of 2440 m (8000 ft). During 
landing, approach is on a 0.05-rad 
(3-deg) glideslope with a maximum 
approach speed limited to 69 m/s (135 
kt) . 

CONFIGURATION CONSTRAINTS 
Cargo Compartment Environment 

The cargo compartments are designed 
to maintain a minimum pressure equiva- 
lent to an altitude of 5.5 km (18,000 
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SEGMENT CODE 


1. START, TAXI, ANO GROUNO HOLD; 

9 MINUTES 

2. TAKEOFF TO 440 M (1500 FT) V, + &V, CLEAN UP 

ABOVE 120 M (400 FT) 1 

3. CLIMB TO 3050 M (10,000 FT) ALTITUDE AT BEST 
BATE OF CLIMB, 130 M/S (250 KT) MAX. 

4. ACCELERATE 


13. APPROACH 0.05 RAO (3 0EG) GUOESLOPE, 

49 M/S (135 KT) MAX. 

14. TAXI, STOP, AND SHUTDOWN, 3 MINS. 

15. MISSED APPROACH, TAKEOFF AT 440 M (1500 FT) 
V 2 * OV, CLEAN UP ABOVE 120 M (400 FT) 

14. CLIMB TO 3050 M (10,000 FT) ALTITUDE AT BEST 
RATE OF CUMB, 130 M/S (250 KT) MAX. 


5. 


4. 

7. 

3 . 

9. 

10 . 

11 . 


CLIMB TO INITIAL CRUISE ALTITUDE AT BEST RATE 
OF CLIMB 

INITIAL CRUISE AT CONSTANT ALTITUDE 
STEP CUMB 

CRUISE AT CONSTANT ALT.' 

0ESCSND TO 3050 M (10,000 FT) 

DECELERATE 


REPEAT AS REQUIRED 


0E5CSNT TO 440 M (1500 FI), 130 M/S (250 KT) 
MAX. 


12. AIR MANEUVER AT 440 M (1500 FT) FOR 3 MINS. 


17. ACCELERATE 
13. CLIMB 

19. CRUISE AT ALTITUDE 

20. HOLD AT ALTITUDE, 45 MINUTES 

21 . DESCEND TO 3050 M (10,000 FT) 

22. DECELERATE 

23. DESCENO TO 440 M (1500 FT), 130 M/S (250 KT) 
MAX. 

24. APPROACH, 0.05 RAO (3 DEG) GUDESLCPE, 

49 M/S (135 KT) MAX. 


Figure 5. 

ft) at maximum cruise altitude. The 
temperature control system is designed 
to maintain a minimum car^o compartment 
temperature of 283°K (50°F) or greater 
at maximum cruise altitude. 

Cargo Compartment Capacity 

The cargo compartment structure is 
designed to carry approximately 20 per- 
cent larger payloads (volume and/or 
mass) at a reduced range. 

Configuration Sizing Variables 

The variables considered in sizing 


Mission Flight Profile 

the configurations include wing angle, 
wing aspect ratio, wing loading, wing 
thickness ratio, and thrust-to-weight 
ratio. 

ADVANCED TECHNOLOGY APPLICATIONS 

The advanced technology items and 
levels included in all of the aircraft 
configurations are expected to achieve 
state-of-the-art status and be ready 
for production application by 1985 ex- 
cept for the propulsion system, which 
will probably not be ready until later. 
Specifically, the configurations have 
supercritical airfoils, composite mate- 
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rials, advanced engines, a Hamilton 
Standard advanced propfan , and active 
controls. Graphite/epoxy composite 
materials are used for the secondary 
structure of the wing, fuselage, 
nacelles, and landing gear; for the 
nacelle and pylon skins; and for both 
primary and secondary structures of the 
empennage. Pratt & Whitney STF477 
turbofan* and ST.S487 turboshaft** 
engines are used as the baseline 
powerplants in the configurations to 
ensure a high degree of commonality for 
the comparative analysis. These two 
engines are of the same family of 
designs by one manufacturer and have 
equivalent technology levels. 

ECONOMIC GUIDELINES 

The 1967 Air Transport Association 
(ATA) a equations with coefficients up- 
dated to January 1980 levels are used 
to calculate direct operating cost 
(DOC). Likewise, pricing and other 
costs are based on January 1980 dollar 
values . 

Aircraft manufacturing and develop- 
ment costs, as well as propulsion 
system acquisition and maintenance 
costs, are estimated by Lockheed's in- 
house methods. Details of the propul- 
sion system costing approach are 
presented in Appendix B. 


+ Performance and noise data for this 
propfan are those in Reference 12. 
This propfan is similar in external 
appearance to that version desig- 
nated SR-5 by Hamilton Standard, 
but it encompasses projected tech- 
nology advances beyond those 
attainable with the SR-5 version. 

* "Preliminary Performance and In- 

stallation Data for the STF477 Tur- 
bofan Engine," CDS-6, Pratt & Whit- 
ney Aircraft Corporation, February 

1976 (Ref. 22) 

** "Preliminary Performance and In- 

stallation Data for the STS487 Tur- 
boshaft Engine," CDS-11, Pratt & 

Whitney Aircraft Corporation, March 
1976 (Ref. 23) 


Aircraft production runs to meet 
the productivity, or throughput, re- 
quirement of 26 revenue kilogram- 
petaraeters (15.4 billion revenue ton- 
nautical miles) are listed in Table I 
for load factors of 100 and 85 percent 
of the gross payload for variations in 
payload and cruise speed. Calculations 
of the DOCs for each of these runs are 
based on an- average annual utilization 
of 3000 hours per aircraft, a crew of 
3, a 15-year straight-line depreciation 
with a 10-percent residual salvage 
value, and a hull insurance rate of 2 
percent^ Fuel prices of 132, 198, and 
264 $/m^ (50, 75, and 100 i/ gal) are 
considered in the parametric studies; 
and additional prices of 518 and 792 
$/nr (200 and 300 d/gal) are included 
in some of the sensitivity studies. 

Table I. Production Fleet Sizes for 
Load Factors of 100(85) Per- 
cent for Variations of Cruise 
Mach Number and Payload 


PAYLOAD, 1000 

CRUISE MACH NUMBER 

KG 

LB 

0.6 

0.7 

0.3 

13.6 

30 

951 (1118) 

843 (992) 

738 (868) 

27.2 

60 

475 (559) 

422 (496) 

369 (434) 

40.8 

90 

317 (373) 

231 (331) 

246 (289) 

61.2 

135 

* 

188 (222) 

164 (193) 


* For lorgtit payload, a closer range of Mach numbers was selected 
with M ■ 0.75 being the third value. The fleet sites for this third 
speed are 175 (206). 


NOISE GOAL 

The noise goal is to minimize the 
area at airports that is subjected to 
high noise levels from aircraft on 
takeoff and landing, while maintaining 
aircraft economic viability. State-of- 
the-art noise prediction methods are 
used for source intensity and direc- 
tivity. The elements in these methods 
are discussed in Appendix C along with 
a description of the simplified para- 
metric noise prediction method that was 
developed under Lockheed's Independent 
Research and Development Program for 
use on this study. 


a "Standard Method of Estimating Direct 
Operating Costs of Turbine Powered 
Transport Aircraft," Air Transport 
Association, 1967 (Ref. 24) 
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TURBOPROP AIRCRAFT PARAMETRIC STUDIES 


Wing geometry and propulsion system 
characteristics for three turboprop 
aircraft point designs were selected 
based on the results of design, cost, 
and noise studies. These studies in- 
cluded a preliminary design investiga- 
tion of cargo compartment layouts for 
four mission payload values and a para- 
metric analysis of aircraft sizing 
effects on cost, noise, and perform- 
ance . The approach followed in these 
studies and the rationale for selecting 
the three designs for further refine- 
ment are described in this section. 

BASIC CONFIGURATION DESCRIPTION 

The basic aircraft configuration 
used in this study, as shown in Figure 
6, encompasses many features of today's 
aircraft. All of the payload is 
carried in the fuselage and is loaded 
straight-in through either a nose visor 
door or an aft fuselage door. The wing 
is mounted sufficiently high on the 
fuselage at approximately mid-fuselage 
length so that it does not compromise 
the cargo compartment design. Other 
pertinent features of the ba3ic con- 
figuration include conventional 
fuselage-mounted landing gear and 
engines attached to the underside of 
the wing. Although only two engines 
are shown on the aircraft in Figure 6, 
four engines are used for the largest 
payload cases. Pitch and directional 
flight controls are provided by a 
T-tail empennage mounted on the aft 
fuselage. 



Figure 6. Basic Aircraft Configuration 


Standard design criteria and data 
were used in . the parametric studies to 
size the various aircraft configura- 
tions. The data base and the pertinent 
criteria in the areas of structures and 
materials, aerodynamics, propulsion, 
and flight controls are reviewed under 
these headings. 

Structures and Materials 

Basic structural design criteria 
were applied in determining the weights 
of the aircraft configurations and in 
computing the structural loads, rigid- 
ity requirements, and sizes for the 
point design refinements. These cri- 
teria are consistent with current civil 
specifications*. Specific criteria in- 
clude limit load factors between +2.5 
and -1.0 g's for maneuvers and +1.5 g's 
for landing and taxi. Structural de- 
sign speed criteria are 180 m/s (350 
kt) in cruise and 211 m/s (410 kt) in a 
dive. 

In addition to the design criteria, 
certain assumptions were required con- 
cerning permissible stress levels in 
the structural materials. Current car- 
go aircraft wings, using conventional 
aluminum and construction techniques , 
are designed with tensile strength 
limits between 290 and 379 MN/in 
(42,000 and 55,000 psi), depending upon 
the design lifetime. The relatively 
low limits are due primarily to frac- 
ture and fatigue properties at long 
operational lifetimes exceeding 30,000 
hours. With the operational lifetime 
fixed at 45,000 hours for the aircraft 
in this study (3000 hours annual utili- 
zation for a 15-year lifetime), the 
lower limit is applicable in this case. 

High levels of composite materials 
will be used in future aircraft because 
of improvements they offer in relative 
economics, coupled with the higher 
strength-to-weight ratios of composites 
compared with conventional metals. Un- 
fortunately, the maximum level of com- 

* "Airworthiness Standards: Trans- 

port Category Airplanes," Federal 
Aviation Regulations, Part 25 (FAR 
25) , Federal Aviation Administra- 
tion, Department of Transportation, 
1974 (Ref. 25) 
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posite usage is not likely to be 
reached until near the end of this 
century. By the technology readiness 
data of 1985 for this study, the level 
of composites used will be relatively 
low and will vary from one structural 
subsystem to anothere. Characteris- 
tically for this period, only the 
secondary structure of the wing, 
fuselage, nacelles, and landing gear 
will be constructed of composite mate- 
rials. In addition, the nacelle skins 
and both the primary and secondary 
structure in the empennage will be made 
of composites. 

Aerodynamics 

The basic airfoils used in this 
study have supercritical technology 
levels envisioned for application in 
1985. Lockheed has defined and wind- 
tunnel tested supercritical airfoil 
sections with thickness ratios between 
10 and 21 percent, which is the basis 
for the airfoil performance charac- 
teristics that are used in this study. 
Typical variations in cruise Mach 
number and lift capability for the 
basic airfoils are shown in Figure 7 
for two scaling variables, sweep angle 
and thickness-to-chord ratio. These 
curves depict the optimum thickness 
ratio values at a drag rise of 10 
counts . 



Figure 7. Typical Airfoil Character- 
istics 

Drag characteristics of the air- 
craft are estimated on a component 
buildup basis, that is, the wing, 
fuselage, horizontal tail, etc. are 
treated individually. The skin 
friction drag is determined for the 
wetted area and the characteristic 
Reynolds number for each component , and 


is then referenced to the wing area. 
Next, shape factors are applied to the 
skin friction drag to obtain the pro- 
file drag for each component, and these 
are combined to obtain the basic pro- 
file drag. The drag penalties listed 
in Table II are then added to obtain 
the total profile drag. 


Table II. Drag Penalties 


ELEMENT 

VALUATION 

ROUGHNESS 

3% OF BASIC PROFILE DRAG 

INTERFERENCE 

5% OF BASIC PROFILE DRAG 

TRIM 

12 COUNTS 

COMPRESSIBILITY 

5-10 COUNTS 

MISCELLANEOUS 

4 COUNTS 

PROP/AIRFRAME INTEGRATION 

SEE APPENDIX 0 


The installation of propellers or 
propfans on an aircraft introduces 
additional drag that is not experienced 
by a turbofan-powered aircraft. Un- 
fortunately, a standard approach for 
defining and quantifying the elements 
of this added drag does not exist. As 
may be observed by comparing the, re- 
ports of recent studies •' » d Qn 
propeller-driven aircraft, each in- 
vestigator seems to have a different 
method for categorizing, accounting 
for, and measuring the elements that 
contribute to this added drag. For 
this study, we have attempted to aug- 
ment the best from these previous 
studies with our own experience on the 
C-130 aircraft to produce a method for 
estimating propeller/airframe integra- 
tion drag. This method is described in 
Appendix D. 

The high lift system on all of the 
aircraft consists of a 30-percent- 
chord, double-slotted flap arrangement. 
This system is augmented by a 10-per- 
cent-chord, leading-edge device to keep 
approach speeds down. 

Flight Controls 

Design criteria for sizing the 
directional, lateral, and longitudinal 
flight control surfaces are based on 
the requirements of FAR 25. Direc- 
tional control is provided by a verti- 
cal tail with a 25-percent-chord 
rudder. The vertical tail is sized to 
provide adequate static directional 
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stability, while the rudder size is 
regulated by cross-wind landing and 
critical-engine-out conditions . Ail- 
erons extended over the trailing edge 
of the outboard 25-percent of the wing 
furnish lateral control capability. 
Pitch control is provided by a hori- 
zontal tail with a 25-percent-chord 
elevator. The horizontal tail size 
insures at least a 5-percent static 
stability margin at the most aft 
center-of-gravity position, and the 
elevator is designed for the nose wheel 
lift-off condition at the most forward 
center-of-gravity position. 

Propulsion 

The turboprop propulsion system is 
composed of three major elements: the 
engine, the gearbox, and the propeller. 
The basic engine is the Pratt & Whitney 
STS487 turboshaft engine which has a 
companion turbofan engine, the STF477. 
that is used in developing designs of 
competitive turbofan-powered aircraft. 
Both engines were defined under NASA's 

Advanced Turbofan Engines Designed for 
Low Energy Consumption study. Although 
these engines were optimized for min- 
imum fuel consumption instead of min- 
imum direct operating co3t and noise, , 
these engines are scalable over the 
range of sizes needed in this study, 
are of appropriate technology levels, 
and are of the same family, which 
should enhance the comparison between 
the two propulsion concepts. 

The STS487 engine is a three-spool, 
free-turbine, shaft engine. As noted 
in Reference 23, the basic engine is 
flat rated to 302 K (84 F) at 15.2 MW 
(20,424 hp) and has a mass of 970 kg 
(2134 lb). 

Six, eight and ten-blade versions 
of an advanced Hamilton Standard Prop- 
fan are candidate propellers. Propfan 
performance used in this study and data 
on the gearbox are based on that de- 
fined in Reference 12. The data are 
for a propfan that is similar in ex- 
ternal appearance to the SR-5 version 
of a 2-ft diameter model that was 
tested by Hamilton Standard; however, 
the data include advances beyond those 
of the SR-5 • 


Lockheed's engine cycle analysis 
program was used to generate a base set 
of installed thrust and thrust specific 
fuel consumption data for the base size 
STS487 engine in combination with the 
propfan. This set includes takeoff, 
climb , and cruise performance for 
variations in the number of blades, tip 
speed, and sea-level-installed disk 
loading of the propfan. 

The propulsion system data base of 
performance, weight, and cost charac- 
teristics for the range of power re- 
quirements in this study was assembled 
as part of Lockheed's Independent Re- 
search and Development Program. Al- 
though this data base* is proprietary 
and is not included in this report, the 
results obtained from using the data 
are provided. Examples of the data are 
contained in Appendix E. 

FUSELAGE SIZING 

In developing the design of an 
aircraft, the first task is to design 
accommodations for whatever is to be 
carried, subject to constraints imposed 
by the application. The guidelines for 
this study specify four payloads that 
are to be carried and explicitly define 
each payload mass and size. The latter 
is fixed by requiring the four payloads 
to be in 2, 4, 6, and 9 standard 2.44 m 
by 2.44 m by 6.1 m (8 ft by 8 ft by 20 
ft) containers, respectively. 

The three major considerations in 
this task are: a cargo compartment 
layout to efficiently house the con- 
tainers, a minimum-sized fuselage to 
encapsulate the cargo compartment, and 
the impact of loading and unloading on 
both the fuselage and the cargo com- 
partment. Although these three con- 
siderations are strongly interrelated, 
they will be discussed separately for 
ease of presentation. 


F. R. Stone, ''Propfan Data Base for 
Parametric Aircraft Studies," LG79- 
ER0128, Lockheed-Georgia , August 
1979 (Ref. 26) 
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Cargo Compartment Layout 


The selection of cargo compartment 
designs for this study is based on 
analysis of several floor plan layouts 
and cross-sectional area arrangements 
and their effects on the fuselage. A 
rule-of-thumb guideline used in the 
analysis is that the cargo compartment 
fineness ratio (length/equivalent 
diameter) should be between 2 and 8. 
This leads to an efficient fineness 
ratio between 6 and 12 for the en- 
capsulating fuselage when allowance is 
made for the tapered fore and aft ends. 
Experience has shown that this guide- 
line provides aerodynamically and 
structurally efficient fuselages with- 
out excessive frontal area, pressure 
volume, or surface area per unit 
volume. Generally, it precludes any 
ground clearance problems for typical 
landing gear lengths. 

For the 2 and 4-container payloads, 
the fineness ratio falls within the 
guideline when all of the containers 
are placed end to end in a single row. 
However, for the 6 and 9-container pay- 
loads the fineness ratio for a single 
row of containers exceeds the guideline 
by a considerable margin. Necessarly 
then, alternate floor plan arrangements 
must be considered that have two rows 
of containers for some portion of their 
length. Three two-row alternate 
arrangements are presented in Table 
III, along with the single-row layout 
for the 6-container payload. The table 
also contains comparative data which 
illustrate the effects of the layout on 
their fuselages, assuming a constant 
cross-sectional area. Choosing between 
the three alternates is deferred pend- 
ing other considerations. For the 
9-container payload, as will become 
obvious later, 8 of the containers are 
in a two-row arrangement, and the last 
container is positioned along the 
centerline of the aft fuselage. 

Loading 


Only forward and aft fuselage 
apertures are considered for loading 
the aircraft in this study. Further- 
more, only one aperture is provided in 
each particular point design. 


Table III. Comparison of Cargo Com- 
partment Layouts for 
6-Container Payload 


LAYOUT 

ARRANGEMENT 

0 

0 

'• a 
0 
a 

- OD 
00 
00 


00 
3. 00 

8 

□ 

a. DO 

OD 

□ 

FUSELAGE LENGTH, 
M (FT) 

54(178) 

39(128) 


42(138) 

38(124) 

FUSELAGE DIAMETER, 
M(FT) 

3.9(12.8) 

6.3(20.6) 

6.3(20.6) 

6.3(20.6) 

FUSELAGE FINENESS 
RATIO 

13.8 

6.2 


6.7 

6.0 

PRESSURE VOLUME, 
M 3 (FT 3 ) 

564(19,900) 

1149(40,600) 

960(33,900) 

802(28,300) 

SURFACE AREA, 
M 2 (FT 2 ) 

606(6500) 

804(8700) 

684(7400) 

595(6400) 

FRONTAL AREA, 
M 2 (FT 2 ) 

I2(t30) 

31(334) 


31(334) 

31(334) 


The idea of using doors in the side 
of the fuselage for loading containers 
is discarded as impractical and/or in- 
efficient for the candidate cases. To 
load containers that are 6.1 m (20 ft) 
long through the side of the fuselage 
requires that the opening be at least 
6.3 m (20.5 ft) wide because the con- 
tainers cannot be rotated to achieve 
correct directional alignment once they 
are inside the cargo compartment. Such 
a wide opening in the side of the 
fuselage would impose substantial 
structural weight penalties that are 
not warranted relative to forward or 
aft fuselage doors. Also, in a two- 
container-sized aircraft, a side door 
would interfer with the main structural 
frames connecting the wing and landing 
gear. 

Both the forward and aft fuselage 
openings permit straight-in loading of 
the containers, which tends to minimize 
ground handling time and to simplify 
the cargo handling system. An aft 
fuselage door and ramp are used for 
cargo loading in all of the 2 and 
4-container aircraft designs. This 
allows the crew compartment to be 
placed ahead of the cargo compartment 
without affecting the frontal area of 
the fuselage; that is, no bubble is re- 
quired on the top of the fuselages , as 
on a 747 aircraft, to accommodate the 
crew. 
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A nose visor door is provided for 
cargo loading on the 6 and 9-container 
aircraft designs. Furthermore, the 
door is made sufficiently wide to per- 
mit simultaneous loading of two con- 
tainers side by side. Although there 
is no requirement for a door this wide , 
contacts with commercial operators in- 
dicate that such a feature is very 
desirable. By using a door this wide, 
cargo floor plan layout number 4 in 
Table III is eliminated from further 
consideration because it is configured 
for a single-row door width. Revisions 
to this layout for the wider door would 
result in considerable wasted space and 
a longer and heavier aircraft. 

The penalty for raising the crew 
flight station above the cargo compart- 
ment to allow straight-in nose loading 
is smaller on a two-row wide arrange- 
ment than on a single-row design. This 
occurs because there is considerably 
more unused space between the top of 
the two-row cargo compartment and the 
circular fuselage arc above it. Con- 
sequently, the crew compartment can be 
accommodated with only a relatively 
small increase in the fuselage frontal 
area, and this is largely compensated 
for by a shorter overall length of the 
aircraft. 



Of the two remaining candidate lay- 
outs in Table III, namely layouts 2 and 
3, both use a visor nose that is wide 
enough for two rows. Thus, the final 
selection of a preferred design is 
based on minimizing the fuselage size, 
which is indicated by the values of the 
surface area and pressure volume. A 
comparison of these two parameters 
clearly shows that layout 3 is to be 
preferred. 

Fuselage Cro3s-Section 

The initial fuselage cross- 
sections , as shown in Figure 8 for both 
the one and two-row cases, provide only 
minimal clearances for loading the con- 
tainers consistent with standard com- 
mercial practices. Recently, attention 
has been focused on the concept of a 
common civil-military aircraft*. This 
trend for the future dictates that the 
applicability of the fuselage cross- 
section for military transportation be 
evaluated, particularly for the single- 
row design. 


* D. L. Bouquet, "Strategic Airlift 
Aircraft Design Study, (Issues of 
Commonality)," Lockheed-Georgia 
Company Final Report on Air Force 
Contract F33615-79-C-01 15 , December 
1979 (Ref. 27) 



Figure 8. Initial Fuselage Cross-Sections 
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To aid in this evaluation, Lock- 
heed's Cargo Loading Program was used 
with its extensive data base, which in- 
cludes the number, dimensions, and 
weights of all the .vehicles and equip- 
ment in the inventory of the various 
types of U.S. Army divisions. Specif- 
ically, the program was used to 
determine the effects on the per- 
centages of the various divisions that 
can be transported by particular air- 
craft designs with different cargo 
compartment 3izes. Limitations on the 
maximum weight, length, width, and 
height of the items to be carried were 
applied individually and collectively 
to the Army division inventories to 
obtain the results in Table IV. The 
fir3t part of the table shows the 
effects of load and length limits that 
correspond to those of a two-container 
payload. These two limits do not 
severely restrict the transportable in- 
ventory percentage. More than 88 
percent of the total inventory is 
transportable in all cases; in only one 
case is less than 90 percent transport- 
able, and in 7 of the 15 cases less 
than 3 percent of the inventory is ex- 
cluded. 

The second grouping in the table 
shows the effect of imposing only a 
height restriction. The heights listed 
are the limits on the inventory items 
and do not include the 0.15 m (6 in.) 
clearance that is allotted between the 
items and the top of the cargo compart- 
ment. From the results in the table, 
it is evident that little is to be 
gained by increasing the height by 0.15 
m over the basic container height of 
2.44 m (8 ft). However, considerably 
greater benefits accrue when the height 
is increased 0.3 m (1 ft) above the 
basic container height. 


The third grouping in the table 
shows the effect of imposing only a 
width limitation on the inventory 
items, while maintaining a requirement 
that there be a lateral clearance of 
0.075 m (.3 in.) between the items and 
the sides of the cargo compartment. 
Substantial benefits are realized for a 
0.15 m (6 in.) increase over the basic 
container width of 2.44 m (8 ft), but 
only negligible benefits accrue for 
further increases. 

The bottom section of the table 
shows the effect of collectively 
applying various height and width 
limits for a particular load and length 
limit. The results at the beginning of 
this group, that is for a height of 
2.75 m and a width of 2.59 m, indicate 
that between 84 and 95 percent of the 
inventory of the five divisions can be 
transported. A comparison of these re- 
sults with those on the third line of 
the first grouping, where only load and 
length limits are imposed, suggest that 
very little is to be gained through 
further increases in the width and 
height restrictions. 

Based on these results , the cargo 
compartment cross-section is increased 
to accommodate items up to 8.59 m (8.5 

ft) wide by 2.75 m (9 ft) high. Quite 
coincidently, these dimensions are com- 
patible with the projected trend of 
containers to larger cross sections. 
Furthermore, the increased volume in 
the cargo compartment will provide 
space for carrying 20 percent more pay- 
load at the same density, a requirement 
of the study guidelines. Figure 9 
shows the fuselage cross-sections en- 
larged slightly for items or containers 
with these larger widths and heights. 
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Table IV. 


Percentage of Inventory of U.S. Army Divisions that is Trans- 
portable for Variations in Cargo Compartment Cross-Section Size 




DIVISIONS 

SIZING CRITERIA 

ARMORED 

MECHANIZED 

INFANTRY 

AIRBORNE 

AIRMOBLE 

LOAD 

S 6800 KG 

90.4 

92.0 

96.9 

97.9 

99.5 


(30,000 LB) 






LENGTH 

S 12.7M 

98.0 

97.9 

97.7 

97.0 

93.2 


(500 IN) 






LOAD 

S 6800 KG 1 

88.8 

90.4 

94.6 

94.9 

92.8 


AND ( 






LENGTH 

$ 12.7M 3 






HEIGHT 

^ 2.75 M 

89.5 

91.1 

95.1 

99.5 

98.1 


(108 IN) 







S 2.59 M 

83.8 

85.4 

90.3 

95.7 

92.0 


(102 IN) 
^ 2.44 M 

80.5 

82.2 

89.3 

94.3 

91.2 


(96 IN) 






WIDTH 

S 2.75 M 

88.1 

89.7 

96.1 

98.8 

97.9 


(108 IN) 







< 2.59M 

87.2 

88.8 

94.4 

96.6 

93.9 


(102 IN) 







< 2.44 M 

66.1 

66.4 

83.3 

92.9 

90.2 


(96 IN) 






LOAD 

£ 6800 KG, 






LENGTH 

S 12.7M,AND 






HEIGHT 

£ 2. 75 M, AND 






WIDTH 

* 2.59 M 

84.0 

85.6 

88.3 

94.5 

91.9 


£ 2.44 M 

64.7 

65.1 

79.8 

92.0 

88.8 

HEIGHT 

£ 2.59M,AND 






WIDTH 

S 2.59M 

80.4 

82.1 

86.4 

94.4 

91.8 


£ 2.44 M 

63.8 

64.2 

78.0 

92.0 

88.8 

HEIGHT 

S 2.44M,AND 






WIDTH 

^ 2.59 M 

80.4 

82.0 

85.8 

94.3 

91.2 


< 2.44M 

63.7 

64.2 

78.0 

91.9 

88.2 
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Figure 9. Revised Fuselage Cros3-Sections 


Fuselage Nose 


For the range of cruise speeds in 
this study, different shapes for the 
forward fuselage are essential to ob- 
tain the most efficient designs. A 
short, blunt nose, similar to that on a 
C-130 aircraft, is best for the 0.6 
Mach number case. A longer and more 
streamlined nose like that on the 
L-1011 aircraft is better for the 
higher cruise Mach numbers of 0.7 and 
0.8. Figure 10 provides a comparison 
of the contours that are used for the 
forward fuselage for these two speed 
conditions. 

PARAMETRIC STUDY 

Parametric studies were conducted 
for turboprop-powered aircraft to iden- 
tify the sensitivity of direct op- 
erating costs, fuel consumption, and 
noiseprint areas to variations in per- 
formance, geometry, fuel price, and 
propulsion system characteristics. Al- 
though some of the study variables were 
discussed throughout the section on 
study guidelines, all of the variables 
and the extent of variation are con- 
solidated into Table V for conciseness. 

When parametric studies are 
undertaken with a large number of vari- 


COMMON CARGO COMPARTMENT 



PLAN VIEW 


MACH * 0.6 FUSELAGE 

MACH =» 0.7 AND 0.8 FUSELAGE 



Figure 10. Forward Fuselage Contours 


ables, schedule and budget constraints 
usually dictate that an approach be 
adopted of using engineering judgment 
to select combinations that will 
illustrate the sensitivity of the 
specified measures of effectiveness to 
the different variables, and if re- 
quired, will provide any desired opti- 
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Table V. Turboprop Aircraft Parametric 
Study Variables 


MISSION 

CRUISE MACH NUMBER 

0.6, 0.7, 0.75, 0.8 

PAYLOAD CONTAINERS 

2, 4, 6, 9* 

INITIAL CRUISE ALTITUDE, 1000 M 

7.6, 8.2, 9.1, 10.1, 11.0 

FT 

25, 27, 30, 33 , 36 

AIRCRAFT WING GEOMETRY 

SWEEP ANGLE, RAD 

0.17, 0.26, 0.35, 0.44 

DEG 

10, 15, 20, 25 

LOADING, N/M 2 

4310, 5270, 6230 

LB/FT 2 

90, 110, 130 

ASPECT RATIO 

7, 10, 13, 16 

PROPELLER 

TIP SPEED, M/S 

204, 229,256 

FT/S 

670, 750, 840 

NUMBER OF BLADES 
NOMINAL DISK LOADING, 

6, 8, 10 

KW/M 2 

281, 402 , 484, 640 

HP/FT 2 

COST 

35, 50, 60, 80 

FUEL PRICE, CA 

13.2, 19.8, 26.4 

C/gal 

50, 75, 100 


* Each container unit represents a payload weight of 6800 KG (15,000 lb) 


mization. Such was the case in this 
study. 

The variables in Table V fall into 
the four categories of mission , air- 
craft geometry, propeller, and cost. 
Of those in the mission category, a 
sufficient number of variable combina- 
tions was investigated to establish the 
desired sensitivities to variations in 
two main elements of productivity: pay- 
load and speed. The particular com- 
binations investigated were not known a 
priori but were selected as the study 
progressed and trends became evident. 

Table VI. 


The parametric study was performed 
in two phases which are not indicative 
of a time sequence but of the subject 
addressed. The purpose of the first 
phase was to select values for initial 
cruise altitude, wing sweep angle, and 
wing loading for use in the second 
phase, which is more directly oriented 
toward addressing the overall study ob- 
jective. In the second phase, the 
propeller parameters were varied to 
determine their effects on aircraft 
direct operating costs , fuel consump- 
tion, and noi3eprint areas. 

Phase I 

Minimum ramp weight and minimum 
block fuel weight were jointly con- 
sidered as criteria in Phase I for 
selecting values for the initial cruise 
altitude and wing sweep angle for the 
various payload-speed combinations that 
were investigated. In all cases, the 
wing loading values were established by 
one of four constraints: a maximum 

approach speed limit of 69 m/s (135 
kt) , technology limitations on cruise 
lift, a maximum takeoff distance of 
2440 ra (8000 ft), and a minimum fuel 
volume ratio (wing volume available to 
volume required to carry the mission 
fuel) of one. 

Phase I was performed in three 
steps as indicated on the case schedule 
surnnary in Table VI. In the first 
step, attention was given to aircraft 
capable of carrying a 4-container pay- 
load at each of the three candidate 
cruise Mach numbers of 0 . 6 , 0 . 7 , and 


Case Schedule for Phase I of Turboprop Parametric 



PROPELLER CONSTANTS: 10 BLADES; TIP SPEED -229 M/S, 750 FT/S; NOMINAL DISK LOADING = 484 KW/M 2 , 60 HP/FT 2 


lfl 







this case it is evident that only the 
approach speed limit is critical in 
eliminating aircraft design points. 
Consequently, the approach speed limi- 
tation has been superimposed on the two 
weight graphs. By visual inspection, 
the minimum weight points can be pin- 
pointed, as indicated by the triangles 
on the graphs, and the corresponding 
values of wing loading and aspect ratio 
may be read. 

Similar exercises were performed 
for other combinations of wing sweep 
angle and cruise altitude. The minimum 
weight values for each combination were 
then plotted in Figure 12 so that sweep 
angle and altitude values could be 
selected for use in the Phase II por- 
tion of the study. Before proceeding 
with that selection, a few background 
comments are needed to explain the 
rationale used. 
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Figure 12. Sweep Angle and Altitude 
Effects for 4-Container 
Payload and 0.8 Mach Number 
Designs 


One objective of this study is to 
show the sensitivity of aircraft noise 
to several parameters which typically 
serve as optimization criteria. Among 
these are ramp weight, fuel consump- 
tion, and direct operating cost (DOC). 
Experience has shown that aircraft 
designed to minimize DOC tend toward 
minimum ramp weight for relatively low 
fuel prices and toward minimum fuel 
consumption as fuel prices increase. 
Thus, through analysis of both ramp 
weight and fuel consumption for the 
designs of interest, certain parameters 
can be selected which, while minimizing 
neither ramp nor fuel weight, do pro- 
vide a compromise between the two. 
This approach reduces to a manageable 
number the variables to be considered 
in further optimization efforts , such 
as Phase II. 

As an example of this approach , 
consider the ramp weight and block fuel 
graphs in Figure 12 which are used to 
select a sweep angle and cruise alti- 
tude for the case of a 4-container pay- 
load and a Mach number of 0.8. Minimum 
ramp weight occurs at a sweep angle of 
0.44 rad (25 deg) and an altitude of 
9.5 km (31 .000 ft). Alternately, min- 
imum block fuel tends toward an alti- 
tude above 11 km (36,000 ft) and a 
sweep angle of 0.44 rad (25 deg). In 
this case, both criteria suggest the 
same sweep angle, but some compromise 
is required for the altitude. A value 
of 10.1 km (33,000 ft) was arbitrarily 
chosen . 

Having selected a particular com- 
bination of wing sweep and cruise al- 
titude values , attention is refocused 
on the effects of wing loading and 
aspect ratio variations. This means, 
in this case, a review of the graphs 
previously presented in Figure 11. A 
re-examination of the ramp weight and 
block fuel graphs reveals that the 
optimum designs are constrained by the 
approach speed limitation. Inspection 
of the approach speed graph shows that 
there is a strong correlation between 
approach speed and wing loading. In 
fact, for a specific approach speed, 
the wing loading change with aspect 
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ratio is so slight that it can be 
considered constant as a first 
approximation. Consequently, a value 
of 5.7 kN/in (119.5 psf) was selected 
and assumed to be constant for all 
aircraft designed for 0.8 Mach number 
and a 4-container payload. 

For those designs with a 4-con- 
tainer payload and a cruise Mach number 
of 0.7* a 0.26-rad (15-deg) sweep angle 
and a 10.1 -km (33, 000 -ft) cruise alti- 
tude were selected based on the results 
shown in Figure 13. Following the same 
approach as for the 0.8 Mach number 
desi|ns, a constant wing loading of 5.9 
kN/m (122.5 psf) was found to give op- 
timum designs limited only by cruise 
lift technology. 


U KG 



LB ALTITUDE, 



Figure 13. Sweep Angle and Altitude 
Effects for 4-Container 
Payload and 0.7 Mach Number 
Designs 

A slightly different approach was 
taken for those designs intended to 
carry a 4-container payload at a cruise 
Mach number of 0.6. Typically at this 
low speed, there is no need for wing 
sweep based on aerodynamic considera- 
tions . However , a wing with a taper 


ratio of 40 percent, which is used in 
this study, and a zero sweep angle at 
the quarter chord- gives a visual 
appearance of being swept forward. 
Rather than have this occur and risk 
the possibility of subverting attention 
from the intent of this study for all 
those who have become acclimated to 
straight or swept-back wings, the wing 
sweep was set at 0.17 rad (10 deg). 
This produces zero sweep for the wing 
trailing edge and a swept-back leading 
edge. 

With the wing sweep angle set , the 
cruise altitude was selected based on 
the results shown in Figure 14. The 

curves on the figure show significant 
changes in slope at an altitude of 8.4 
km (27,400 ft). Above this altitude, 
the designs are limited by cruise lift 
technology, while below it, takeoff 
field length limitations apply. So 
that a false sense of accuracy will not 
be implied, an altitude of 8.5 km 
(28,000 ft) was selected for aircraft 
designed to carry a 4-container payload 
at a cruise Mach number of 0.6. As for 
the 0.7 Mach number cases, the optimum 
designs are limited by cruise lift 
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Figure 14. Altitude Effects for 4-Con- 
tainer Payload and 0.6 Mach 
Number Designs 
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technology. The corresponding wing 

loading value is 5.6 kN/in (117.9 psf ) . 

The first step of the Phase I study 
was concerned only with a 4-container 
payload. The second and third steps 
covered other payloads of 2, 6, and 9 
containers. Our previous experience 

has shown that wing sweep angle and 
initial cruise altitude are much more 
dependent upon cruise speed than pay- 
load size. Consequently, the sweep 
angle and altitude values for these 
other payloads were assumed to be the 
same as for the 4-container payload at 
the same cruise speeds. 

One 9-container payload case is for 
a cruise Mach number of 0.75t which was 
not investigated previously. However, 
both 0.7 and 0.8 Mach numbers were con- 
sidered. For this 0.75 Mach number 
case , sweep angle and altitude values 
were selected as the average of those 
values obtained for the 0.7 and 0.8 


cases . 

Values for the altitude, sweep 
angle, and wing loading for each pay- 
load-speed combination are sunmarized 
on the top portion of Table VII, which 
also serves as a case schedule for the 
Phase II study. 


Phase II 


Attention during Phase II was 
directed toward identifying the effects 
of the propfan parameters on aircraft 
noiseprint areas and direct operating 
costs, and of producing graphs which 
illustrate the relationship between 
noiseprint area and direct operating 
cost . Table V II shows the sequential 
order in which the aircraft were in- 
vestigated, in terms of payload and 
speed, and at the bottom, are the 
ranges of variations of the propfan 
parameters. To be more specific, 6, 8, 
and 10-blade propfans were considered 
with tip speeds of 204 , 229 . and 256 
m/s (670, 750, and 840 ft/s) at sea- 
level -rated disk loadings of 28 It 402, 
484, and 640 kW/ni (35, 50, 60, and 80 
hp/ft Variations in wing aspect 

ratio were also included to gain an in- 
dication of two effects of the propel- 
ler diameter. One is the effect of 
different percentages of the wing being 


•Cruise disk loadings are approximately 
one half of the value at sea level. 


Table VII. Summary of Phase I Results and Case Schedule for Phase II of Tur- 
boprop Parametric 


STEP 1 


STEP 2 


STEP 3 


PAYLOAD CONTAINERS 

MACH NUMBER 

ALTITUDE, 1000 M 
FT 

WING SWEEP, RAD 
DEG 

WING LOADING, KN/M 2 
LB/FT 2 

ASPECT RATIO 

PROPELLER BLADES 

TIP SPEED, M/S 
FT/S 

DISK LOAD, KW/M? 

HP/Fr 


4 

0.8 


5.03 

105.25 


•0.44 

-25- 


5.71 

119.5 


5.76 

120.5 


0.6 


0.7 


10.1 

- 33- 


0.17 

10 

5.63 

117.9 


0.26 

15 

5.85 

122.5 


•7-16- 

I 

6 - 10 - 


-204 -256- 
-670 -840- 

I 

281 -640 - 
• 35 - 80 - 


0.7 


0.26 

15 

5.84 

122.3 


0.75 


0.8 


0.35 

20 

5.88 

123.0 


0.44 

25 

5.69 

119.0 
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subjected to the propeller slipstream. 
The second is how the propfan diameter 
affects engine spacing along the wing, 
which in turn becomes a factor in air- 
craft design through consideration of 
propeller tip-to-ground clearance, 
engine-out operation, and wing weight 
relief benefits. 

STEP 1 - Aircraft designed to fly at a 
cruise Mach number of 0.8 and carry 
payloads of 2, 4, and 6 containers were 
studied in the first step to obtain re- 
sults on the "cost of quietness" - that 
is, the impacts on block fuel and 
direct operating cost of reducing 
noiseprint areas. Figure 15 shows the 
cost of quietness for the 4-container 
payload case, as an example. The 
graphs in the figure provide optimum 
designs for minimum noiseprint areas 
for an 80-EPNdB noise level under full 
power and cutback* conditions for 
variations in the level of block fuel 
and direct operating costs** at three 
fuel prices. The number of propeller 
blades and the tip speed are listed 
with the designated points. Appendix F 
contains all of the parametric results 
and provides an explanation, with 
examples, of the process used to obtain 
the minimum values for each designated 
point on the figures. Consequently, 
only a few representative sets of data 
are presented here as needed to aid the 
discussion. 

In each case, the minimum noise- 
print area occurs when the propeller 
diameter reaches a limit of 6.1 m (20 
ft) . This limit was imposed based on 


* Cutback power was assumed to con- 

sist of full power through takeoff 
and climb to 305 m (1000 ft) alti- 
tude, followed by a power reduction 
to the minimum levels permitted by 
FAR 36 . This gives a flight pro- 
file that is consistent with the 
guidelines of FAR 36 for measuring 
takeoff noise. That is, the only 
change to the takeoff configuration 
permitted in climb is that the gear 
is retracted; the flaps remain at 
the takeoff setting. 

** Direct operating costs presented 

throughout this report are based on 
a short ton of 910 kg (2000 lb). 


geometric considerations, or more 
specifically, to assure that the 
propeller can be installed without 
having to change the aircraft by, for 
example, extending the length of the 
landing gear. For clarification, the 
engine centerline is 4.1 m (13.5) above 
the ground for the aircraft used in 
this study. With a 6.1 m (20 ft) 

diameter propeller, this leaves only 
1.1 m (3.5 ft) of clearance between the 
ground and the tip of the propeller - a 
clearance that was judged to be minimal 
in the interest of avoiding propeller 
damage from ground debris. Although 
over-the-wing engine mounting and ex- 
tended landing gear length will permit 
larger propeller diameters, they in- 
troduce additional problems that are 
beyond the scope of this study and 
might, therefore, warp the parametric 
study results by introducing additional 
variables . 

In general, the trends of the re- 
sults in Figure 15 are as expected with 
increasing fuel prices causing higher 
operating costs. The decreasing noise- 
print areas and increasing operating 
costs that are experienced in moving 
from right to left along the curves are 
caused by reductions in the propeller 
tip speed. Also, lower noiseprint 
areas are obtained with cutback power 
than for full power. The only excep- 
tion to this is for the case of a 
6-container payload at the highest tip 
speed of the propeller. What has 
happened in this case is that the re- 
duced rate of climb of the aircraft 
extends the length and area of the 
noiseprint by an amount that exceeds 
the benefits obtained by reducing the 
width and area of the noiseprint 
through the cutback in engine power and 
noise emission. 

By comparing the results for a 
single fuel price, as shown in Figure 
16, the effect of changes in payload 
size becomes apparent. Of the three 
payload sizes considered, aircraft 
designed for the 4-container payload 
have slightly lower operating costs 
than those with a 6-container payload 
and considerably lower costs than those 
with a 2-container payload for a con- 
stant noiseprint area. The initial 
tendency might be to disbelieve the 
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results if one is engrained with the 
philosophy that "bigger is better" and 
has forgotten the discussion provided 
earlier on cargo compartment sizing. 
Recall, that the cargo compartment was 
designed to carry containers two 
abreast for part of its length to 
accommodate the 6-container payload in 
a fuselage of reasonable length, while 
the smaller payloads were carried in a 
single row of containers . Thus , the re- 
sults in the figures merely reflect the 
inefficiency of trying to design for a 
6-container payload, which is the size 
that requires a transition from one to 
two rows of containers. 

STEP 2 - Based on the typical results 
in Figure 16, the 4-container payload 
was selected for use in the second step 
of this Phase II study, which was con- 


cerned with the effect of cruise speed. 
"Cost of quietness" data were then ob- 
tained for each of the three fuel 
prices for cruise Mach numbers of 0.6 
and 0.7. These results were combined, 
as illustrated in Figure 17, with those 
for an 0.8 Mach number to illustrate 
the effects of speed. 

Several features of the curves 
merit some comments and explanations. 
As in the first step, the 6.1 m (20 ft) 
propeller diameter limit defines the 
minimum noiseprint area for each case. 
The increase of these minimum areas 
with increasing Mach number is the re- 
sult of larger engines required by the 
aircraft . 

Increasing fuel price has the most 
dramatic effect on the result. At the 
lowest value of 132 $/m^ (50 d/gal), 
the 0.8 and 0.7 Mach number designs are 


25 



DIRECT OPERATING COST BLOCK FUEL 


KG 

LB 15 r 
30 r 



O NO CUTBACK 
n WITH CUTBACK 

MACH NUMBER 


0.8 



0.7 



i 


0 


0 


J I I 

50 100 150 SQ KM 

i_i i i 

20 40 60 SQ Ml 

80 EPNdB NOISEPRINT AREA 


TNM (f/TKM 
,6 f 9.5 r 


15 


14 


131- 


I2h 


11 


9.0 


8.5 


8.0 f- 


7.5 


7.0 


FUEL PRICE 
$/M3 ( ? /GAL) 



100 


200 


50 

80 EPNdB NOISEPRINT AREA 


300 SQ KM 
100 SQ Ml 


Figue 17 


Speed and Fuel Price Effects on Cost of Quietness for 
4-Container Payload Aircraft 



close together for the different noise- 
print areas, but as the fuel price in- 
creases, the 0.8 Mach number designs 
are driven toward those at 0.6 Mach 
number, which are the most expensive 
set by a substantial margin. It 
appears that the increasing fuel cost 
for the highest speed is tending to 
balance the poorer productivity 
penalties of the lowest speed. This is 
borne out by the block fuel portion of 
Figure 17, which shows that the 0.8 
Mach number designs have the highest 
fuel requirements. 

The indications from Figure 17 are 
that the best cruise Mach numbers for 
minimizing block fuel or direct 
operating costs are between 0.6 and 
0.8, with the fuel price having a sig- 
nificant influence on the value which 
minimizes the direct operating cost. 
To find the best speed, the cost re- 
sults of Figure 17 were replotted, as 
in Figure 18 , for full power condi- 
tions. With the results in this 
carpet-plot format, optimum trends and 
values are more readily apparent. At 


the lowest fuel price, minimum costs 
occur at a Mach number of 0.75 for all 
of the noiseprint areas. As the fuel 
price increases to the middle value, 
the optimum Mach number decreases to 
0.74, and eventually it reaches 0.73 
for the highest fuel price. Further 
increases in fuel price could con- 
ceivably drive the optimum Mach number 
even lower, but based on the block fuel 
results, the minimum optimum value 
appears to be about 0.7. 

One additional observation needs to 
be made about the results in Figure 18. 
The curves of constant noiseprint area 
are very shallow near the optimum Mach 
number values for all three fuel 
prices. In fact, for any particular 
noiseprint area, variations of the Mach 
number within 3 percent of the optimum 
value produce less than a 0.3 percent 
increase in the direct operating cost. 
Based on these trends and results , a 
Mach number of 0.75 is selected as pre- 
ferable because of immeasureable bene- 
fits of higher speed. 
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Figure 18. Comparison of Speed Effects for 4-Container Payload Aircraft at 
Full Power 
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STEP 3 - The investigation of payload 
size variation in the first step in- 
dicated that larger payloads are re- 
quired to achieve efficient aircraft 
designed with two rows of containers. 
Consequently, a 9-container payload was 
selected for this third step because it 
does give an efficient cargo compart- 
ment arrangement with two adjacent rows 
of four containers each, followed by a 
single container in the center of the 
tapered portion of the aft fuselage. 
Also, if the aircraft is to be con- 
sidered for joint civil and military 
applications , the corresponding payload 
weight of 30,600 kg ( 135,000 lb) is 
just adequate for carrying one fully 
equipped main battle tank - an item of 
prime military importance. 

The range of Mach numbers con- 
sidered in this step was reduced 
commensurate with the results in Step 
2, which showed that the optimum Mach 
number is approximately 0.75. To con- 
centrate attention close to the ex- 
pected optimum value, cruise Mach 


numbers of 0.7, 0.75, and 0.8 were 

chosen for this third step. 

Following the same approach as in 
the previous steps, noiseprint areas 
and direct operating costs were cal- 
culated for the matrix of aircraft 
designs indicated earlier in Table VII. 
The costs were calculated only for a 
fuel price of 264 $/nr (100 d/gal) 
because by this time in the study the 
other two prices had faded into his- 
torical oblivion. Subsequently, the 
data were compared , as shown by the 
example presented in Figure 19, to ob- 
tain the minimum values for each Mach 
number . 

As in the previous cases, the 
trends of the results are those ex- 
pected with both the direct operating 
cost and the block fuel decreasing 
toward an asymptotic minimum value as 
the noiseprint area becomes larger. 
The minimum noiseprint areas, which 
occur at the termination points on the 
left-hand side of each curve, are re- 
stricted by the 6.1 m (20 ft) propeller 
diameter limit. On the right-hand 
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side, the curves tend to become hori- 
zontal, which indicates that any 
further decreases in operating cost 
will be accompanied by very large in- 
creases in noiseprint area. This also 
suggests that additional increases in 
the number of blades or the tip speed 
of the propeller are not likely to 
prove beneficial. 

To obtain a better insight into the 
effect of speed at this payload, the 
results were combined into a carpet 
plot format, as in Figure 20. The 
shape of the curves suggest that the 
minimum direct operating costs are 
achieved at 0.7 Mach number for the 
family of noiseprint areas, while min- 
imum block fuel requires a Mach number 
at or slightly below 0.7. Before 
settling on a particular speed, how- 
ever, some consideration of the verti- 
cal scales on the graph is in order. 
Inspection reveals that the direct 
operating cost increases by between 2 
and 3 percent as the cruise Mach number 
rises from 0.7 to 0.75. In view of the 


small magnitude of the penalty for this 
speed increase, a Mach number of 0.75 
was selected as preferable because it 
provides better compatibility with 
current aircraft flight operations. 
Also, by having the same speed as the 
other selected designs, a better indi- 
cation can be obtained of the effect of 
payload variation than would be other- 
wise possible. 

These parametric results show two 
trends on the cost of quietness curves 
(see Figures 15, 19. and in Appendix F, 
Figures F-19. F-21 , F-26, and F-27) . 
one of which is as expected, but the 
other is not. The expected trend is 
that increasing propeller tip speed re- 
duces direct operating cost due to 
better efficiency, but increases noise- 
print area because of helical Mach 
number effects, which are discussed 
further in Appendix C. Not expected is 
the result from varying the number of 
propeller blades. Ten blades always 
produced the aircraft with lowest 
direct operating costs, six blades 
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often gave the quietest aircraft, but 
aircraft with eight blades are con- 
spicuously absent from all of the cost 
of quietness curves. The reason for 
this second trend is unknown; however, 
the differences in the cost and per- 
formance guidelines for the only data 
available on each number of blades may 
be responsible. 

According to the propeller manufac- 
turer and as noted in Appendix B, for a 
given diameter , both the 8 and 10-blade 
propellers will cost the same, but the 
6-blade version will cost less. Dif- 
ferences in the total and per blade 
activity factors for each number of 
propeller blades may also contribute to 
the bias in the results . As noted in 
Appendix E, the data for the 6 and 
8-blade propellers are for the same 
activity factor per blade of 230, but 
the 10-blade propeller has the same 
total activity factor as the 8-blade 
propeller, that is the activity factor 
per blade is 184 for the 10-blade 
propeller . 

SELECTED DESIGNS 

Three aircraft were selected from 
the parametric results for further 
study. They have been designated: 

o No. 1 Compromise Aircraft 

o No. 2 Quietest Aircraft 

o No. 3 Compromise Aircraft 

and their major characteristics are 
summarized in Table VIII. As used 
here, the term "compromise" means a 
subjective attempt to minimize direct 
operating cost (DOC) and noiseprint 
area simultaneously. Thus, a compro- 
mise aircraft is selected from the 
"knee" of the DOC versus noiseprint 
area curve , and hence , is neither the 
quietest nor lowest DOC aircraft. 

Necessarily, the compromise selec- 
tion had to be subjective because no 
one has yet established the value of a 
unit reduction in noiseprint area. If 
the value of a unit reduction were 
known , then the graph could be drawn 


Table VIII. Major Characteristics 
Selected for Turboprop 
Aircraft Designs 


CHARACTERISTICS 

AIRCRAFT SELECTION 1 

1 

2 

3 

GENERAL CLASSIFICATION 

COMPROMISE 

QUIETEST 

COMPROMISE 

MISSION FEATURES 




NUMBER OF CONTAINERS 

4 

4 

9 

CRUISE MACH NUMBER 

0.75 

0.75 

0.75 

CRUISE ALTITUDE, 1000M (FT) 

10.1 (33) 

10.1 (33) 

10. 1 (33) 

WING GEOMETRY 




SWEEP, RAO (DEG) 

0.35 (20) 

0.35 (20) 

0.35 (20) 

LOADING, KN/M 2 (PSP) 

5.39 (123.3) 

5.35 (122.5) 

5.38 (123.0) 

ASPECT RATIO 

12 

15 

12 

PROPELLER 




NUMBER OF BLADES 

10 

6 

10 

TIP SPEED, M/S (FT/S) „ 

„ 229 (750) 

204 (670) 

229 (750) 

DISK LOAOING^W/M^HP/Tr) 402(50) 

345(43) 

1 

402(50) 


with the two axes labeled so that the 
length for an incremental change in one 
axis would correspond to that in the 
other. The compromise point would then 
be defined by the point where a line 
drawn at 0.785 rad (45 deg) to both 
axes is tangent to the curve. Until 
that value for a unit reduction is 
defined, however, changing the scale on 
the axes will produce different 
apparent compromise points. 

The first and third aircraft were 
selected to show the effects of in- 
creasing payload size. The first air- 
craft carries all of its container 
payload in a single row, while the 
third aircraft, with a 9-container pay- 
load , uses a two-row arrangement . Both 
designs have the same cruise speed and 
their propulsion systems provide a com- 
promise between lowest DOC and lowest 
noiseprint area. The second selection 
is the quietest aircraft possible for 
the same mission as the first. It 
will be used to illustrate the effects 
of changing a design to reduce noise. 
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TURBOPROP AIRCRAFT DESIGN 
REFINEMENTS AND SENSITIVITIES 


Typically, parametric studies of 
aircraft preliminary designs include 
only the primary sizing variables of 
interest in order to isolate the opti- 
mum design with a reasonably limited 
effort. Many of the aircraft design 
details and performance characteristics 
are not addressed in the parametric 
study itself but are investigated 
afterwards, along with secondary sizing 
factors, only for the optimum design. 
In thi3 study, the four secondary areas 
considered for design refinement on the 
three turboprop aircraft selected in 
the previous section were the landing 
gear, flight station, access to the 
cargo compartment, and engine mounting. 
Detailed weight estimates and distribu- 
tions were then prepared for each air- 
craft along with estimates of the per- 
formance, noise, and economic charac- 
teristics. To benefit future efforts, 
a variety of sensitivity studies were 
performed to determine the most signif- 
icant mission and cost parameters in 
terms of their effects on the aircraft 
designs. 

This section contains detailed 
descriptions of the refined versions of 
the three selected turboprop aircraft , 
the results of the sensitivity an- 
alyses, and discussions of the various 
design refinements. 

SELECTED TURBOPROP AIRCRAFT DESCRIP- 
TIONS 

Figures 21, 22, and 23 provide 
three-view drawings of the three air- 
craft, while the major characteristics 
of each are summarized in Table IX. 
Detailed descriptions of the various 
discipline-related characteristics are 
presented under the headings of Design, 
Weights and Balance, Propulsion, Per- 
formance, Noise, and Economics. 

Design 

Geometric dimensions of the three 
aircraft are compiled in Table X. Of 



Figure 21. Layout of No. 1 Compromise 
Turboprop Aircraft 



Figure 22. Layout of No. 2 Quietest 
Turboprop Aircraft 



Figure 23. Layout of No. 3 Compromise 
Turboprop Aircraft 
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Table IX. Summary of Selected Turboprop 
Aircraft Characteristics 



TURBOPROP AIRCRAFT I 

CHARACTERISTIC 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

PAYLOAD CONTAINERS 

4 

4 

9 

CRUISE MACH NUMBER 

0.75 

0.75 

0.75 

CRUISE ALTITUDE, 1000 M (FT) 

10(33) 

10 (33) 

10(33) 

PROPELLER BLADES 

10 

6 

10 

TIP SPEED, M/S (FT/S) 

229 (750) 

204 (670) 

229 (750) 

DISK LOAD, KW/M 2 (HP/FT 2 ) 402 (50) 

345(43) 

402 (50) 

DIAMETER, M (FT) 

5.6 (18.5) 

6.1 (20) 

5.6 (18.4) 

WING ASPECT RATIO 

12 

15 

12 

LOADING, KN/M 2 (LS/FT 2 ) 

5.9 (123.3) 

5.9 (122.5) 

• 5.9(122.8) 

WEIGHTS, 1000 KG (LB) 




OPERATING 

40.3 (88.6) 

44.1 (97.1) 

78.1 (171.8) 

FUEL 

13.4 (29.6) 

13.6(30.0) 

26.7 (58.9) 

PAYLOAD 

27.3 (60.0) 

27.3 (60.0) 

61 .4 (135.0) 

RAMP 

81.0(178.2) 

85.0(187.1) 

166.2 (365.6) 

FIELD LENGTH, M (FT) 

1684 (5524) 

1877 (6157) 

1517(4973) 

80 EPNdB NOISEPRINT AREA, 
KM 2 (Ml 2 ) 

82.8 (32.0) 

57.7 (22.3) 

164.9(63.7) 

DIRECT OPERATING COST,* 
</TKM(c/TNM) 

8.8(14.7) 

8.9(15.0) 

8.0 (13.3) 


• FUEL AT 244 J/M 3 (100 e/OAl> 


Table X. Geometry Summary for Selected 
Turboprop Aircraft 



TURBOPROP AIRCRAF 1 


item.. 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

winG* 




ASPECT RATIO 

12 

15 

12 

SPAN, M (FT) 

39.6 (130) 

45.7 (150) 

57.0 (187) 

AREA, M 2 (FT 2 ) 

131.8 (1419) 

139.3 (1499) 

270.8 (2916) 

THICKNESS RATIO 

0.139 

0.141 

0.139 

LOADING, KN/M 2 (PSF) 

5.9 (123.3) 

5.9 (122.5) 

5.9(122.8) 

SWEEP, RAD (DEG) 

0.35 (20) 

0.35 (20) 

0.35 (20) 

FUSELAGE 




LENGTH, M (FT) 

40.5 (133) 

40.5 033) 

46.8 (154) 

EQUIV. DIA., M (FT) 

4.2 (13.7) 

4.2 (13.7) 

6.3 (20.5) 

HORIZONTAL TAIL** 




SPAN, M (FT) 

8.6(28.1) 

8.4 (27.7) 

13.2 (43.3) 

AREA, M 2 (FT 2 ) 

16.3 (175) 

15.8(170) 

38.7 (416) 

VERTICAL TAIL* 




SPAN, M (FT) 

5.1 (16.8) 

5.6(18.5) 

7.8 (25.5) 

AREA, M 2 (FT 2 ) 

21.7(234) 

26.4 (284) 

40.2 (433) 

CARGO COMPARTMENT 




ROWS OF CONTAINERS 

1 

1 

2 

LENGTH, M (FT) 

24.7(80.9) 

24.7(80.9) 

31.1 (102.0) 

WIOTH, M (FT) 

2.7 (9.0) 

2.7 (9.0) 

5.6 (18.5) 

HEIGHT, M (FT) 

2.9 (9.5) 

2.9 (9.5) 

2.9 (9.5) 


• TAPER RATIO - 0.40 

- TAPER RATIO - 0.35; SWEEP - 0.44 RAO (25 DEG); ASPECT RATIO • 4.5; THICKNESS 
RATIO ■ 0.095 

♦ TAPER RATIO - 0.8; SWEEP • 0.52 RAO (30 OEG); ASPECT RATIO • 1 .2; THICKNESS 
RATIO - 0.093 


these, the cargo compartment size is 
fixed by the requirement to carry 
specified numbers., of containers with 
reasonable allowances for tie-down and 
loading clearances. Similarly, the 
fuselage is constrained, being the min- 
imum size that will encapsulate the 
cargo compartment. 

Cargo is loaded into both the No. 1 
and No. 2 aircraft through full -width 
doors located in the aft end of the 
fuselage. The doors are the clam-shell 
type that are used on the C— 141 air- 
craft. Straight-in cargo loading is 
also standard on the No. 3 aircraft 
except that it is through a full-width 
nose visor door that allows simul- 
taneous loading of two containers side- 
by-side. 

On all three aircraft, the wings 
are attached to the top of the fuselage 
to accommodate the large propeller 
diameters without having to include ex- 
tensions to the length of the landing 
gear. The engines are mounted beneath 
the wings, rather than above, to min- 
imize both axi-symmetric thrust effects 
on the horizontal tail and adverse flow 
effects on the wing. 

The landing gear is comprised of a 
single-strut nose gear and twin-tandem 
main gear3 mounted on each side of the 
fuselage. The nose gear consists of a 
single shock strut with two wheels 
mounted on a single axle. Each main 
landing gear has four wheels in a twin- 
tandem arrangement. Each pair of wheels 
is mounted on a coranon axle which, in 
turn, is attached to either the forward 
or the aft side of a trunnion-mounted 
support frame. Separate shock absorb- 
ers provide independennt suspension for 
the front and rear wheels on the main 
gear. 

Weights and Balance 

Table XI lists the weights for the 
major subsystems of the three aircraft. 
The propeller weight includes the 
weights of the blades, pitch change 
mechanism, and spinner. Under the 
Systems & Equipment heading have been 
combined the weights of the auxiliary 
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Table XI. Weight Summary for Selected 
Turboprop Aircraft 



TURBOPROP AIRCRAF1 


ITEM 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

STRUCTURE 




WING 

9,135 (20,096) 

11,672 (25,678) 

22,050 (48,510) 

FUSELAGE 

9,791 (21,541) 

9,837(21,64 2) 

18,277(40,210) 

HORIZONTAL TAIL 

448 (986) 

445 (980) 

1,020 (2,243) 

VERTICAL TAIL 

525 (1,155) 

607 (1,336) 

931 (2,049) 

NOSE GEAR 

491 (1,081) 

517 (1,138) 

1,008 (2,218) 

MAIN GEAR 

3,287 (7,231) 

3,462 (7,616) 

6,748 (14,845) 

NACELLE 

825 (1,815) 

819 (1,801) 

1,628 (3,582) 

PROPULSION 




ENGINES 

2,216 (4,876) 

2,549 (5,608) 

4,365 (9,603) 

PROPELLERS 

2,395 (5,268) 

2,599 (5,718) 

4,700 (10,341) 

GEARBOX 

1,553 (3,416) 

1,901 (4,183) 

3,037 (6,681) 

FUEL SYSTEM 

903 (1,987) 

-909 000) 

1,270 (2,794) 

MISCELLANEOUS 

455 (1,000) 

455 (1,000) 

909 (2,000) 

SYSTEMS & EQUIPMENT 

8,246(18,141) 

7,430 (16,347) 

10,070 (22,153) 

OPERATING WEIGHT 

40,270 (88,594) 

44,132 (97,091) 

77,796(171,152) 

CARGO 

27,273 (60,000) ! 

27,273 (60,000) 

61,364(135,000) 

ZERO FUEL WEIGHT 

67,543(148,594) 

71,405(157,091) 

139,160(306,152) 

FUEL 

13,463 (29,618) 

13,638 (30,003) 

26,626 (58,577) 

RAMP WEIGHT 

81,005(178,211) 

85,043(187,094) 

165,787(364,729) 


power system, surface controls, instru- 
ments, hydraulics and pneumatics, 
electrical, avionics, furnishings, air 
conditioning, anti-ice system, auxil- 
iary gear equipment, and operating 
equipment . 

Figure 24 shows the loadability 
limits of the three aircraft along with 
the actual center of gravity envelopes. 
The zero fuel and gross weight values 
are based on an assumed uniform distri- 
bution of the payload throughout the 
cargo compartment. Similarly, a uni- 
form distribution is assumed for the 
fuel in the wing at the ferry and gross 
weight conditions. The two loadability 
extremes are set by the horizontal tail 
size. The forward limit is imposed by 
trim constraints on the No. 1 and No. 2 
aircraft and by nose wheel lift-off at 
80 percent of stall speed for the No. 3 

aircraft. Stability set3 the aft limit 

for all three aircraft. 



CENTER OF GRAVITY, PERCENT OF WING MEAN AERODYNAMIC CHORO 


1000 KG 
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NO. 3 COMPROMISE 


350h 


150 h 


300 L 


WEIGHT 


250 f- 
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20Q\- 
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CENTER OF GRAVITY, PERCENT OF WING MEAN AERODYNAMIC CHORD 


Figure 24. Loading Envelopes for Tur- 
boprop Aircraft 
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Performance 


Some of the airport performance 
features of the three aircraft are 
presented in Table XII. Note that all 
three exhibit takeoff and landing field 
lengths that are considerably shorter 
than the 2440 m (8000 ft) maximum limi- 
tation of the study guidelines. Also, 
in every case there is sufficient 
thrust available to exceed the regula- 
tory minimums of 2.4 percent and 3.0 
percent for aircraft with two and four 
engines, respectively, for the engine- 
out condition during second segment 
climb. The maximum approach speed 
limit of 69 m/s (135 kt) is, however, a 
constraint on all three. 

Table XII. Airport Performance Summary 
for Selected Turboprop Air- 
craft 



TURBOPROP AIRC 

RAFT 


1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

TAKEOFF DISTANCES, M (FT) 




BALANCED FIELD 

1684 (5524) 

1877(6157) 

1440 (4726) 

OVER 11 M (35 FT) OBSTACLE 

1415(4641) 

1602 (5256) 

1322 (4337) 

OVER 15 M (50 FT) OBSTACLE 

1473 (4837) 

1656(5432) 

1379 (4523) 

FAA FACTORED 

1672 (5337) 

1843 (6045) 

1520 (4988) 

TAKEOFF SPEEDS, M/S (KT) 




STALL 

62 (121) 

62(121) 

62 (121) 

ROTATION 

70 (137) 

70(137) 

44 (125) 

LIFT OFF 

75 (146) 

74 (144) 

70(136) 

APPROACH SPEED, M/S (KT) 

69 (135) 

69(135) 

69(135) 

• LANDING DISTANCE, M (FT) 

1849 (6067) 

1855 (6085) 

1848 (6062) 

FLAP DEFLECTION, RAD (DEG) 




TAKEOFF 

0.35 (20) 

0.35 (20) 

0.35 (20) 

landing 

0.87 (50) 

0.87 (50) 

0.87 (50) 

ENGINE -OUT GRADIENT 

0.0498 

0.0473 

0.1142 

LIFT COEFFICIENTS 


* 


TAKEOFF 

2.60 

2.60 

2.60 

landing 

3.14 

3.14 

3.14 


Productivity capabilities of the 
three aircraft are indicated by the 
payload-range curves in Figure 25 • The 
particular payload-range combination 
specified for each aircraft, as a basic 
design point, is specially designated 
on the graphs. As per the study guide- 
lines , the aircraft have the capability 
to carry up to a 20 percent payload 
overload. For this overload, the range 
is reduced to the value indicated at 
the point of intersection of the con- 


KG 



RANGE 


KG 



RANGE 



Figure 25. Productivity Capabilities 
of Turboprop Aircraft 
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stant gross weight line with the hori- 
zontal line which represents the 2.5-g 
structural limitations. Increased 
range i3 attainable by trading payload 
weight for fuel weight until the wing 
volume for carrying fuel becomes a 
limitation. Further increases in range 
are achieved only at a reduced gross 
weight with smaller payloads until the 
ferry range, or zero-payload range, is 
eventually reached. 

The payload-range results were cal- 
culated based on the aircraft per- 
formance characteristics which are 
presented in Table XIII and Figures 26 
to 28 . Table XIII shows the various 
components that contribute to the total 
drag buildup and lists the values for 
the three aircraft. Note that there is 
no item labelled nacelle drag because 
it is accounted for in the net thrust 
of the propulsion system. 


Table XIII. Drag Buildups for Selected 
Turboprop Aircraft 



TURBOPROP AIRCRAFT j 


1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

PROFILE ORAG 




WING 

62.7* 

64.9 

58.4 

FUSELAGE 

63.5 

64.9 

55.9 

EMPENNAGE 

17.6 

18.2 

17.0 

INTERFERENCE 

7.4 

7.4 

6.6 

ROUGHNESS 

4.5 

4.4 

3.9 

SWIRL 

17.6 

16.6 

24.4 

SCRUBBING 

1.8 

1.4 

2.2 

TRIM 

12.0 

12.0 

12.0 

TOTAL PROFILE 

192.1 

189.3 

180.4 

INOUCED DRAG 

94.4 

74.6 

93.7 

TOTAL DRAG 




PROFILE 

192.1 

189.8 

180.4 

INDUCED 

94.4 

74.6 

93.7 

COMPRESSIBILITY 

10.0 

10.0 

10.0 

MISCELLANEOUS 

5.2 

5.2 

5.2 

TOTAL 

30t .7 

279.6 

289.3 

CRUISE LIFT COEFFICIE 

NT 0.57 

0.57 

0.57 

LIFT/DRAG 

18.97 

20.34 

19.71 


* DRAG IN COUNTS. 1 COUNT - 0.0001 




Figure 26. Drag Polars and Lift Curves 
for No. 1 Compromise Turbo- 
prop Aircraft 




Figure 27. Drag Polars and Lift Curves 
for No. 2 Quietest Turbo- 
prop Aircraft 
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Figure 28. Drag Polars and Lift Curves 
for No. 3 Compromise 
Turboprop Aircraft 


These drag buildup results were 
subsequently used to produce the drag 
polars shown in Figures 26 through 28. 
In each case, several polars are in- 
cluded. One is for cruise and the 
others are for various takeoff condi- 
tions of: flaps extended, in or out of 
ground effect , and gear retracted or 
extended. For completeness, the cor- 
responding lift curves are also in- 
cluded in each figure. 

Propulsion System 

The main characteristics of the 
propulsion system for each aircraft are 
listed in Table XIV. For the pro- 
peller, disk loading values are given 
for both sea level and cruise condi- 
tions. In the area of performance, 
both the rated power and an equivalent 
thrust are shown. 


Table XIV. Propulsion Summary for Tur 
boprop Aircraft 



TURBOPROP AIRCRAFT 


ITEM 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

PROPELLER 




BLADES 

10 

6 

10 

TIP SPEED, M/S (FT/S) 

DISK LOAD, KW/M 2 (HP /TT 

229 (750) 

204 (670) 

229 (750) 

RATED 

402 (50) 

345 (43) 

402 (50) 

CRUISE 

173(21.5) 

149 (18.5) 

173(21.5) 

DIAMETER, M (FT) 

5.6(18.5) 

6.1 (20) 

5.6 (18.4) 

ENGINE 




NUMBER 

2 

2 

4 

DIAMETER, M (FT) 

0.8 (2.7) 

0.9 (2.8) 

0.8 (2.7) 

LENGTH, M (FT) 

2.1 (6.8) 

2.1 (6.8) 

2.1 (6.8) 

NACELLE 




DIAMETER, M (FT) 

1.6 (5.4) 

1 .6 (5.2) 

1.6 (5.4) 

LENGTH, M (FT) 

4.3(14.2) 

4.4 (14.3) 

4.3 (14.1) 

PERFORMANCE 




RATED POWER, KW (HP) 

12,779 (17,130) 

12,895 (17,286) 

12,589 (16,875) 

RATED THRUST, 1000 N (LB) 

124 (27.9) 

102 (22.9) 

122 (27.4) 

CRUISE THRUST, 1000 N (LB) 

22 (4.9) 

21 (4.8) 

21 (4.8) 

THRUST/WEIGHT, NAG (LBAB) 3.0 (0.31) 

2.3 (0.24) 

2.9 (0.30) 

CRUISE SFC, KG/WR-N (LB/HR-LB) 0.045 (0.44) 
. 1 

0.046 (0.47) 

0.045 (0.46) 


The dimensions and performance 
characteristics of both the propeller 
and engine are based on those for the 
Hamilton Standard Propfan and the Pratt 
& Whitney STS487 turboshaft engine, re- 
spectively. Descriptions and detailed 
data for the baseline versions of each 
are included in Appendix E along with 
an outline of the methods used to scale 
the baseline systems to other sizes. 


Noise 

For new aircraft , FAR 36 stage 3 
noise limits specify maximum equivalent 
perceived noise levels (EPNL) in deci- 
bels (dB) at three measuring point con- 
ditions: takeoff flyover, takeoff side- 
line, and approach. Figure 29 shows 
the proximity of these measuring points 
relative to an airport and an aircraft 
flight profile. For illustration pur- 
poses, both takeoff and approach are 
shown slightly offset from the runway 
centerline which is used as a base for 
specifying distances to the measuring 
points. Two of the three measuring 
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ISA + 10°C, 70% RH; SEA LEVEL; ZERO WIND 
MAXIMUM TAKEOFF GROSS WEIGHT 
MAXIMUM DESIGN LANDING WEIGHT 



APPROACH MEASURING POINT 



TAKEOFF SIDELINE TAKEOFF FLYOVER 

MEASURING POINT MEASURING POINT 


Figure 29. Location of Noise Measuring Points Relative to Runway and Aircraft 
Flight Profile 


points, takeoff flyover and approach, 
are clearly fixed in space, but the 
third, takeoff sideline, varies for 
each aircraft. This occurs because, 
while the distance outward from the 
flight profile centerline to the 
measuring point is fixed, the position 
along the flight profile is defined in 
terms of a particular condition rather 
than a dimension. Specifically, the 
takeoff sideline noise is measured at 
that point along the flight profile 
where the sideline noise reaches the 
highest value. 

Figure 30 shows the FAR 36 noise 
limits, which are a function of air- 
craft size, along with the noise levels 
predicted for the three aircraft at the 
three measuring points. For all cases, 
the three aircraft are quieter than the 
FAR 36 limitations . 

Two noise-level values are shown 
for takeoff flyover for each aircraft. 
One is for a full-powered takeoff and 
climb, while the other is for a cutback 
power profile*. An interesting result 

*FAR 36 defines a cutback power pro- 
file, relative to a full -powered pro- 
file, as follows. Takeoff is the same 
for both and during climb the flaps re- 
main deployed at the takeoff position. 
After reaching 305 m (1000 ft) alti- 
tude , engine power is reduced in the 
cutback case to a level that will still 
satisfy the FAR 36 requirements. 


is illustrated for the takeoff flyover 
cases: cutting back power during climb 
is not always beneficial in reducing 
noise at the measuring point. This 
occurs because the reduction in pro- 
pulsion noise is more than compensated 
for by the reduced flyover altitude. 

Further insight is gained into the 
noise levels at the measuring points by 
examining the contributions of the 
various noise sources, which are listed 
in Tables XV, for the three aircraft. 
Several observations are readily 
apparent: 

o The propeller is the predominant con- 
tributor to full-power takeoff and 
sideline noise levels. 

o By cutting power during climb, pro- 
peller noise is reduced to about the 
same level as airframe noise. 

o During approach, airframe noise is 
either the predominant source or 
close to it. 

o Engine noise is not a primary con- 
tributor on takeoff but it is much 
more significant during approach. 
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Table XV. Noise Source Distribution 
for Turboprop Aircraft 


O 1 COMPROMISE 
□ 2 QUIETEST 
& 3 COMPROMISE 

SYMBOL WITH TAIL IS FOR 
CUTBACK POWER ON TAKEOFF 





10 ioo 400 KG 

< I I > 1 I i 

20 40 60 100 200 400 1000 13 

TAKEOFF GROSS WEIGHT, 1000 

Figure 30. FAR 36 Stage 3 Noise Limits 
and Noise Levels of Select- 
ed Turboprop Aircraft 


NO. 1 COMPROMISE 




MEASURING 

POINT 



TAKEOFF 

APPROACH 

SIDaiNE 

NOISE SOURCE 

FULL POWER 

CUTBACK 

PROPELLER* 

34.81 

85.42 

97.73 

83.25 

COMPRESSOR 

55.70 

68.05 

96.53 

52.45 

TURBINE 

71.62 

76.62 

96.19 

69*54 

CORE 

74.49 

73.13 

81.58 

73.00 

JET 

62.30 

56.89 

56.49 

60.57 

AIRFRAME 

80.29 

83.17 

98.31 

78 07 

TOTAL 

88.18 

89.76 

105.22 

86.53 

DURATION 

CORRECTION 

-M5 

- 2.54 

- 6.71 

-0.97 

EPNL 

86.73 

87.21 

98.50 

85.56 


NO. 2 QUIETEST 



MEASURING 

5 OINT 1 


TAKEOFF 






APPROACH 

SIDELINE 

NOISE SOURCE 

FULL POWER 

CUTBACK 

PROPELLER* 

36.74 

84.36 

92.95 

84.88 

COMPRESSOR 

58.61 

69.91 

100.73 

54.84 

TURBINE 

74.22 

73.55 

95.56 

70.98 

CORE 

75.44 

73.79 

80.74 

74.14 

JET 

63.73 

56.55 

53.89 

61.88 

AIRFRAME 

81.00 

84.19 

98.93 

78.66 

TOTAL 

33.45 

89.01 

105.51 

86.46 

DURATION 

-0.37 

- 1.69 

- 5.99 

-0.36 

CORRECTION 





EPNL 

37.58 

87.32 

99.51 

86.11 


NO. 3 COMPROMISE 



MEASURING point I 

TAKEOFF 

APPROACH 

SIDELINE 

NOISE SOURCE 

FULL POWER 

CUTBACK 

PROPELLER* 

88.28 

90.33 

100.70 

86.74 

COMPRESSOR 

59.68 

74.29 

99.92 

56.37 

TURBINE 

75.45 

83.58 

99,19 

72.66 

CORE 

77.94 

76.26 

84.76 

76.37 

JET 

67.05 

57.86 

60.83 

65.25 

AIRFRAME 

34.32 

89.44 

100.76 

82.59 

TOTAL 

91.72 

95.37 

108.11 

90.05 

DURATION 

CORRECTION 

| -1 .46 

- 3.43 

- 6.60 

-0.98 

EPNL 

90.27 

91.95 

101.52 

39.07 


•NOISE LEVEL OF SOURCES ARE IN PERCEIVED NOISE LEVEL TONE -CORRECTED 
MAXI MU MS (PNLTM) 


Because the propeller i3 the pre- 
dominant noise source, Hamilton 
Standard made a separate estimate of 
the propeller noise for the aircraft at 
the measuring points. As pointed out 
in Appendix G, there is good agreement 
between the propeller noise predictions 
that were derived based on the Hamilton 
Standard and Lockheed estimates of 
sound pressure level spectra. 

Several additional observations are 
not quite as apparent but may be dis- 
cerned with some reflection. 

o For the takeoff and sideline cases, 
airframe noise i3 either the obvious 
second largest contributor or is in a 
group that ranks second. Assuming 
that the largest contributor, the 
propeller, can be reduced substan- 
tially, the airframe noise level 
represents somewhat of a plateau in 
possible noise reduction. Less flap 
deflection will reduce the airframe 
noise but will increase the takeoff 
distance and reduce the altitude over 
the measuring points. Other efforts 
to reduce the airframe noise will 
probably prove to be very expensive 
for very small improvements because 
the aircraft is otherwise in a clean 
configuration. 

o There is a possibility that aircraft 
noise on approach can be reduced by 
decreasing the flap deflection from 
the 0.87- rad (50 -deg) setting used. 
With a decreased flap deflection, 
there would be an increased approach 
speed for a given wing, or to main- 
tain the same approach speed, the 
wing area would have to be increased. 
Both of these results tend to in- 
crease noise, but it is not known if 
the amount would be more or less than 
the reduction obtained from a smaller 
flap deflection. This is addressed 
later in a sensitivity study. 

o Engine insulation will be, at best, a 
secondary consideration for noise re- 
duction. In the takeoff and sideline 
cases , even if large reductions in 
propeller noise can be achieved so 
that it is no longer the primary 


noise source, the airframe, and not 
the engine, will be the main noise 
source. On approach, however, engine 
insulation offers more potential for 
noise reduction, but the extent of 
the reduction is still limited by 
propeller noise and the airframe 
noise plateau. 

Thus far, attention has been 
focused solely on aircraft noise 
relative to the three standard 
measuring points . The shortcoming of 
this approach is that improvements in 
noise levels at the measuring points 
are usually accompanied by an increase 
in noise at other non-measuring points 
which are not taken into account. For 
example, although cutting the power may 
result in a lower noise over the 
measuring point, the adverse effect is 
that the aircraft is not able to climb 
at the same rate as with full power, 
thereby extending the length of the 
area under the flight path that is 
subjected to high noise levels. 

When there is concern for min- 
imizing the noise impact on the air- 
port community, that is, if the ob- 
jective is to minimize the number of 
people living around an airport who are 
exposed to high noise levels, then the 
size of the total area affected by air- 
craft noise is probably more meaningful 
than noise only at the measuring 
points. The boundary around such a 
noiseprint area is defined by the 
sequence of positions on the ground 
where a specified minimum noise level 
is reached. For this study, noiseprint 
areas have been calculated for three 
noise levels of 70, 80, and 90 EPNdB. 
The shapes of these areas are indicated 
by the contours in Figures 31 to 33 for 
the three selected aircraft . Due to 
the thin, long nature of the noiseprint 
areas, the takeoff and approach 
portions are shown separately, but the 
overlap of the two portions at the 
approach end of the runway is accounted 
for in determining the total noiseprint 
area. 

Two sets of takeoff contours are 
presented: one for a normal full- 

powered condition and the other for a 
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Figure 31. Noiseprints for No. 1 Compromise Turboprop Aircraft 
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Figure 32. Noiseprints for No. 2 Quietest Turboprop Aircraft 
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Figure 33. Noiseprints for No. 3 Compromise Turboprop Aircraft 


40 



cutback power case. In the cutback 
case, the engine power is reduced above 
a 305 m (1000 ft) altitude to the min- 
imum permitted by regulation, and the 
aircraft continues to fly at that re- 
duced power until after the noiseprint 
closes; i.e., the specified minimum 
noise level for the noiseprint is no 
longer perceived on the ground. There- 
after, power can be gradually increased 
to enhance climb performance, but care 
must be exercised to assure that the 
minimum noise level of the noiseprint 
is not subsequently experienced on the 
ground . 

All of the full-power .takeoff 
noiseprints show a slight inward dip of 
the sideline distance during takeoff 
and initial climb. The aircraft flight 
profile is responsible for this effect. 
Once the aircraft leaves the ground, it 
climbs at approximately constant speed 
while the gear and flaps are retracted, 
thereby decreasing the sideline 
distance slightly. The subsequent small 
increase in sideline distance occurs 
when the aircraft flies at nearly con- 
stant altitude while increasing its 
speed to that for the best rate of 
climb. 

The noiseprints for the cutback 
power condition exhibit a substantial 
reduction in sideline distance shortly 
after takeoff. This reduction reflects 
the effect of cutting back the engine 
power and keeping the flaps deflected. 

Both the No. 1 Compromise and the 
No. 2 Quietest aircraft have similar 
noiseprint characteristics in that the 
cutback power contour always closes be- 
fore the one for full power and it has 
a smaller area. For the No. 3 Com- 
promise aircraft, the cutback power 
contour still encompasses a smaller 
area than for full power; however, its 
closure distance becomes greater than 
that for full power as the minimum 
noise level is reduced. This dif- 
ference in the behavior of the closure 
distance is the result of the number of 
engines on the three aircraft. The 
more engines there are on the aircraft 
the less severe the engine-out regula- 
tion. As a result, the greater the 

number of engines, the larger the 


amount of possible power cutback per 
engine, which means the quieter the 
propulsion system. Recall that the No. 

3 aircraft has four engines, but the 
No. 1 and No. 2 aircraft have only two 
engines each. 

Too much power reduction, however, 
may be counterproductive, because as 
power is reduced so is the aircraft 
capability to climb. To illustrate 
with an example, consider the No. 3 
aircraft with the noiseprint contours 
in Figure 33 . Cutback power reduces 
the 90-EPNdB noiseprint by 39 percent, 
the 80-EPNdB noiseprint by 16 percent, 
and the 70 -EPNdB noiseprint by 11 per- 
cent. The trend here is that cutback 
power is less beneficial for reducing 
the areas at lower noise levels. Ref- 
erence to Figure 33 indicates why this 
happens. Although the power cutback 
reduces the intensity of the noise 
source and the radial distance over 
which it is perceived, the inability of 
the aircraft to climb is keeping the 
aircraft in close proximity to the 
ground over much greater distances from 
brake release. In effect, for the 70- 
EPNdB noiseprint, the shorter sideline 
distance with cutback is nearly com- 
pensated for by the extended closure 
distance. 

These results strongly indicate 
that further analyses are needed to 
optimize the climb profile for minimum 
noiseprint area for a particular noise 
level. Because of the limitations of 
this study, a representative profile 
was selected for use in sizing and 
evaluating all of the aircraft. The 
impact of this assumption will remain 
unknown pending identification of the 
optimum profile for one or more of the 
selected aircraft. 

Because of the thin, elongated 
nature of the noiseprints and the vary- 
ing curvilinear nature of the contours , 
the impact of cutback and different 
noise levels on the noiseprints is not 
easily visualized. To overcome this 
problem, the noiseprint areas are dis- 
played in Figure 34 as squares of 
equivalent area. In this form, a cor- 
relation between the noise level and 
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DIMENSION Of SQUARE WI1H EQUIVALENT AREA 
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• 
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- 
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. 0 
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Figure 34. Squares of Equivalent 
Noiseprint Areas for 
Selected Turboprop Aircraft 

area becomes apparent. It is: a 10 

EPNdB reduction in the minimum noise 
level for the noiseprint produces 
approximately an order -of -magnitude in- 
crease in the noiseprint area. 


Economics 


Acquisition and direct operating 
costs for the selected turboprop air- 
craft were calculated using Lockheed’s 
Aircraft Life-Cycle Cost Evaluation 
model, which is described in more de- 
tail in Appendix B. The acquisition 
cost portion of the model computes the 
cost of each structural and functional 
subsystem, that is, the wing, fuselage, 
engine, furnishings, etc., and then 
adds them all to obtain a total acqui- 
sition cost. Direct operating costs 
are determined based on the 1967 Air 
Transportation Association methodology 
with the coefficients updated to 1980 
values . 

Tables XVI and XVII contain the 
evaluation of the various elements that 
contribute to the acquisition and 
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Table XVI. Acquisition Cost Breakdown 
for Turboprop Aircraft 

(COSTS IN SIOOO) 




rURBQPROP AIRCRAFT. . 

ELEMENTS 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

WING 

1877 

2336 

5289 

TAIL 

430 

460 

1021 

FUSELAGE 

2317 

2528 

5840 

LANDING GEAR 

361 

377 

716 

FUGHT CONTROLS 

378 

388 

724 

NACELLES 

291 

289 

752 

ENGINE INSTALLATION 

31 

53 

103 

FUEL SYSTEM 

223 

223 

473 

PROPULSION Ml SC. 

159 . 

159 

418 

INSTRUMENTS 

94 

96 

240 

HYDRAULICS 

213 

222 

490 

ELECTRICAL 

383 

410 

672 

AVIONICS INSTALLATION 

52 

52 

73 

FURNISHINGS 

383 

383 

678 

AIR CONDITIONING 

284 

283 

423 

AUXILIARY POWER 

32 

54 

74 

SYSTEM INTEGRATION 

334 

368 

984 

TOTAL EMPTY MFG COST 

8086 

8687 

18,972 

SUSTAINING ENGINEERING 

683 

733 

2,538 

PROD. TOOL AAAI NT. 

757 

813 

2,412 

QUALITY ASSURANCE 

519 

557 

1,297 

AIRFRAME WARRANTY 

502 

539 

1,261 

AIRFRAME FEE 

1582 

1700 

3,972 

ENGINE 

3951 

3968 

7,842 

PROPELLER 

498 

387 

994 

AVIONICS 

500 

500 

500 

RESEARCH 6. DEVELOPMENT 

2292 

2379 

8.601 

TOTAL ACQUISITION COST 

19,370 

20,263 

48,389 


Table XVII. Direct Operating Cost 

Breakdown for Turboprop 
Aircraft 



TU 

RBOPROP AIRCRAFT 

ELEMENTS 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

CREW 

1324* 

1331 

1440 

FUEL 4 OIL- 

3590 

3635 

7104 

INSURANCE 

750 

785 

1874 

MAINTENANCE 




AIRFRAME LABOR 

185 

197 

307 

AIRFRAME MATERtAL 

237 

253 

628 

ENGINE LABOR 

145 

146 

289 

ENGINE MATERIAL 

583 

589 

1157 

BURDEN 

660 

686 

1192 

DEPRECIATION 

2629 

2743 

6491 

TOTAL TRIP COST 

10,103 

10,365 

20,481 

DOC, C/ATKM 

8.73 

3.93 

7.91 

C/ATNM 

14.65 

15.03 

13.31 


* COSTS IN OOLLARS UNLESS NOTED OTHERWISE 
— FUEL AT 264 S/M 3 (100 t/OAL) 


direct operating costs, respectively, 
for the three selected aircraft. In- 
herent in the calculation of these 
costs are a number of guidelines and 
assumptions , which are summarily re- 
iterated in Table XVII for continuity 
even though they have been presented 











elsewhere in this report. To meet the 
specified productivity requires fleet 
sizes of 394 aircraft for the No. 1 and 
No. 2' designs and 175 of aircraft No. 
3. 

Direct operating costs are pre- 
sented in this section for only the 
largest fuel price of 264 $/m^ ( 100 
d/gal) . Although all three fuel prices 
are now historical, and are likely to 
remain so, the highest of the three is 
fairly close to current prices and, 
therefore, more meaningful. Direct 
operating costs based on the two lower 
fuel prices will be included with those 
derived for higher values as part of 
the sensitivity study results. Like- 
wise, as part of the sensitivity 
studies, several of the items listed in 
Table XVIII will be subject to further 
scrutiny. 

Table XVIII. Costing Guidelines and 
Assumptions 


o JANUARY 1980 DOUAR VALUES 

o PRODUCTIVITY REQUIREMENT! 26 X lo' 5 REVENUE KG-M 

15.4 X 10 9 REVENUE T-NM 

o LOAD FACTOR: 100% 
o AIRCRAFT ANNUAL UTIUZATIONt 3000 HR 
o CREW SIZE: 3 

o DEPRECIATION: 15 YR STRAIGHT UNE WITH 10% RESIDUAL 

o HULL INSURANCE RATE OF 2% 

o FUEL PRICES: 132, 198, 264 S/M 3 

50, 75, 100 C/GAL 


The relative importance of the 
various elements that make up the 
direct operating cost is more readily 
apparent when the data of Table XVII 
are presented pictorially, as in Figure 
35. All three cost distribution lay- 
outs are drawn to the same scale so 


that the total area covered is an indi- 
cation of the relative magnitude of the 
direct operating costs for each air- 
craft, with the No. 3 aircraft being 
the smallest and the No. 2 the largest. 
Because of the similarity between the 
No. 1 and No. 2 aircraft, their cost 
distributions are nearly identical, as 
expected. The No. 3 aircraft is some- 
what different from the other' two and, 
quite naturally, exhibits some var- 
iances in its cost distribution. 


1 COMPROMISE 



2 QUIETEST 



3 COMPROMISE 

CREW 794 



Figure 35. Direct Operating Cost Dis- 
tributions for Turboprop 
Aircraft 
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In every case, the fuel and oil is 
the largest single element, and the two 
elements of maintenance and of fuel and 
oil remain essentially a constant per- 
centage of the total. The changing 
features result from the increased pay- 
load . With more than twice the payload 
of the other two, aircraft No. 3 
realizes a relative crew cost reduction 
of almost 50 percent that balances the 
increased depreciation and insurance 
for a larger aircraft. 

SENSITIVITY STUDIES 

Numerous sensitivity studies were 
performed for the three selected tur- 
boprop aircraft to isolate the effects 
of the parametric study variables, the 
study guidelines and constraints , and 
the design methodology. The particular 
sensitivity parameters investigated may 
be grouped under five general category 
headings of propulsion system, per- 
formance, wing geometry, weight, and 
economics. Results of these sensitiv- 
ity studies on the three turboprop 
aircraft are summarized in Figure 36 
while the details are contained in 
Appendix H. 

The percent variations in DOC, 
block fuel, and noiseprint area were 
used as indicators , where applicable , 
of the effect of the various sensi- 
tivity parameters. To determine which 
factors have the greatest impact on 
these indicators , a measure of sensi- 
tivity (MOS) was devised. It is the 
ratio of the percent change realized in 
one of the indicators divided by the 
corresponding percent change in the 
sensitivity parameter. For evaluation 
purposes, the numerical MOS values are 
arbitrarily interpreted as follows: 

Numerical Qualitative 

Evaluation Interpretation 

MOS < 1 Negligible 

1 - MOS < 2 Marginal 

2 - MOS < 5 Significant 

MOS > 5 Critical 


SENSITIVITY FACTO* 
PROFUSION SYSTEM 
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OOC 

HOCK FUEL 

PROF DISK LOAOINC 
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ooc 

HOCX FUEL 

PROP TIP SPEED 
NOISEPRINT 
OOC 

HOCK FUEL 
PROP 3LA0ES 

noiseprint 

OOC 

HOCK FUEL 

THRUST/WIIGHT 
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OOC 

HOCX FUEL 
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ALTITUDE 
noiseprint 
ooc 
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NOISEPRINT 

ooc 
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NOISEPRINT 
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HOCX FUEL 
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NOISEPRINT 
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HOCK FUEL 

GUOESLCPE 
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NCI 5 1 SOURCE LEVEL 
NOISEPRINT 

**NG GEOMETRY 

aspect wno 

NOISEPRINT 

OOC 

BLOCK PUEL 

WING lOAOING 
NOISEPRINT 
OOC 

BLOCK FUEL 


PROPULSION 

OOC 


ECONOMICS 
STAGE LENGTH 
noiseprint 
OOC 

HOCK FUEL 

UTILIZATION 

OOC 

LOAD FACTOR 
NOISEPRINT 

ooc 

BLOCK FUEL 

FUEL PRICE 
OOC 


PROPELLER COST 

occ 

ENGINE COST 
OOC 

AIRFRAME COST 
OOC 

flyaway cost 
OOC 

maintenance COST 
ooc 
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MEASURE OF SENSITIVITY (MOS 


PERCENT CHANGE TEAUZZP 


Figure 36* Summary of Turboprop Air- 
craft Sensitivity Study Re- 
sults 
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A review of the sensitivity results 
shows that all of the propulsion re- 
lated parameters (thrust /weight and 
propeller diameter, disk loading, tip 
speed, and number of blades) have a 
marginal-to-critical effect on the 
noiseprints for the three aircraft. In 
contrast , the DOC and block fuel are 
insensitive to the propulsion para- 
meters. 

Of the various performance related 
parameters, the only critical sensi- 
tivity is the result of noise source 
level variations. Likewise, there is 
only one significant sensitivity area - 
the effect of field length on noise- 
print. Grouped in the marginally 
sensitive category are the effects of 
drag on block fuel, and approach speed 
on DOC, block fuel, and noiseprint. 
Negligible importance is attributed to 
both cruise altitude and the approach 
glides lope. 

The two wing geometry parameters of 
wing loading and aspect ratio have only 
neglible effects on the three aircraft. 
In the weight category, variations in 
the airframe weight produce marginal to 
significant effects on the DOCs of the 
aircraft, but propulsion and fuel 
weight changes are of negligible con- 
cern. 

In the area of economics, stage 
length and load factor have marginal 
effects on block fuel and DOC, respec- 
tively. All other effects are 
negligible. 

Further details on each sensitivity 
study are provided in Appendix H. Un- 
less otherwise noted, only one inde- 
pendent variable is allowed to change 
in each sensitivity study. In general 
throughout the sensitivity studies, the 
DOC variations are for a fuel price of 
$264 $/ni (100 d/gal), and the noise- 
print variations are for an 80-EPNdB 
level. 

DESIGN REFINEMENTS 

Several features of the aircraft 
were examined in sufficient depth to 
assure that a feasible design would 
probably be achieved in a more detailed 


effort. In particular, four features 
were addressed: the flight station, 
landing gear, cargo compartment loading 
doors, and engine mounting. 

Flight Station 

Figure 37 shows a possible flight 
deck arrangement that is based on 
previous studies of numerous aircraft 
designs for a crew of three consisting 
of a pilot, copilot, and flight 
engineer. The flight station uses con- 
ventional wheel columns and rudder 
pedals for control of the aerodynamic 
surfaces. Nose wheel steering is 
achieved through a hand wheel on the 
side console by the pilot. The seat- 
ing, instrumentation layout, equipment 
and system control location, work load 
distribution, center and side consoles, 
and avionics displays are intended to 
be readily accessible to the pilots to 
minimize fatigue. 
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A full crew station for the flight 
engineer is located directly behind the 
copilot, facing outward. The seat for 
this station is mounted on tracks so 
that it can be rolled to a position on 
the aircraft centerline (shown by the 
phantom lines) within easy reach of the 
overhead and center console panels. Be- 
sides assisting the pilots in subsystem 
management, the third crew member can 
serve as a scanner. 

The No. 1 and No. 2 aircraft have a 
crew lavatory located below the flight 
deck on the right side under the flight 
engineer's station. Access to it is 
through the cargo compartment. The No. 
3 aircraft, with its 747-type cockpit 
above the cargo compartment, has ample 
room aft of the flight station layout 
shown to accommodate a lavatory, bunks, 
and a galley. 

The forward fuselage lines of the 
three selected aircraft are compatible 
with the basic geometry requirements of 
this flight station. External visibil- 
ity is expected to be at least as good 
as on an L— 101 1 aircraft. 


Landing Gear 

The landing gear consists of a 
single strut nose gear and a twin- 
tandem main gear mounted on each side 
of the fuselage. Both the nose and 
main gears are based on the designs 
used in the LI 00 aircraft - a com- 
mercial version of the C-130 aircraft. 

MAIN GEAR - Each main landing gear has 
a four-wheel , twin-tandem arrangement , 
as shown in Figure 38 for the No. 1 and 
No. 2 aircraft. Each pair of wheels is 
mounted on a common axle with lever 
arms that are attached to the fore and 
aft ends of a trunnion-mounted support 
frame. Individual shock absorbers be- 
tween the axles and support frames pro- 
vide independent suspension for the 
forward and aft sets of wheels. The 
No. 3 aircraft has a similar design 
with larger structural components and 
tires . 

To retract the main gear , the 
wheels are first raised to the 
compressed position by the shock 
absorbers. The folding vertical brace 
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Figure 38. Typical Main Landing Gear 
Arrangement 

is then folded outboard , and the main 
structural members together with the 
axle beams and wheels are rotated about 
the lower fuselage attach point so that 
the gear is enclosed in the wheel-well 
pod. One large outboard door and a 
smaller inboard door are automatically 
closed by the gear retraction motion. 

During the gear extension cycle, 
the gear is rotated into the down posi- 
tion and the folding vertical brace is 
positioned on center. The shock ab- 
sorbers are then extended to the normal 
gear-down configuration. 

Separate up-locks and down-locks 
are provided for each gear. In case of 
a failure of the normal hydraulic 
system, an alternate hydraulic system 
is available for gear extension. A 
separate manual system is provided as 
backup to both the normal and alternate 
hydraulic systems. Also, in the event 
of a malfunction, there are panels in 
the cargo compartment through which 
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access to the main landing gear re- 
traction mechanism is possible. 

NOSE GEAR - The nose landing gear con- 
sists of a shock strut with two wheels 
mounted on a single axle. This gear is 
trunnion-mounted to the airframe , and 
it uses folding drag links to react any 
forward and aft loads that are en- 
countered. Figure 39 shows the nose 
landing gear that is sized for the No. 
1 and No. 2 aircraft. The No. 3 air- 
craft has a similar, but larger-sized, 
arrangement . 




Figure 39. Typical Nose Landing Gear 
Arrangement 


The nose gear is retracted and ex- 
tended by means of a hydraulic drag 
strut with an actuating cylinder. An 
integral down-lock and an automatic up- 
lock are used to hold the gear in the 
desired position. In the retracted 
position, the nose gear is contained 
within the fuselage nose and enclosed 
by doors hinged to the fuselage. The 
aft door is opened mechanically by the 


first motion of the gear in the extend- 
ing sequence and is closed by the last 
motion of the gear in the retracting 
sequence. The forward door is opened 
and closed during both extending and 
retracting sequences. 

In case of failure on the normal 
hydraulic system, there is an alternate 
hydraulic system for extending the 
gear. A separate manual system serves 
as a backup to both the normal and al- 
ternate hydraulic systems. 

Cargo Compartment Loading Doors 

Several door arrangements from 
previous aircraft design studies were 
considered for the No. 1 and No. 2 
aircraft which are aft loaded. Based 
on our engineering experience, the 
petal-type doors shown on the C— 141 
aircraft in Figure 40 were selected 
because they are simple , relatively in- 
expensive to design and maintain , and 
yield an aerodynamically clean after- 
body in the closed position. For this 
application, the doors are hinged on 
the aft fuselage and hydraulically 
operated to provide a minimum opening 
of 1.4 rad (80 deg) to the sides to 
permit straight-in loading of the con- 
tainerized payload. 



Figure 40. C-141 Aircraft Being Loaded 

through Petal-Type Doors on 
Aft Fuselage 
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As noted previously, the require- 
ment to simultaneously load two rows of 
containers is more efficiently satis- 
fied with a nose-loaded aircraft having 
a full-width nose visor door. Based on 
experience with the nose visor door on 
the C-5 aircraft, as shown in Figure 
41 , such a door is judged to be 
eminently feasible for the No. 3 air- 
craft . 



Figure 41. C-5 Aircraft Being Loaded 

through Nose-Visor Door on 
Forward Fuselage 


Engine Mounting 

Figure 42 shows a structural 
assembly for attaching a turboprop 
engine to the underside of the wing 
leading edge. This design consists of 
two longitudinally-directed, A-shaped, 
mounting brackets with bracing struc- 
ture at the end which attaches to the 
wing. 

Three quick-disconnect points are 
visible in the side views of the 
brackets . The foremost point is for 
attachment to the engine at the gear- 


box, the lower aft point provides 
attachment to the engine at the dif- 
fuser, and the upper point connects to 
structure from the wing front beam. 
Thrust, side, and vertical loads from 
the engine are transmitted through the 
aft attachment point, while vertical 
and side loads are carried through the 
forward point. The bracing structure 
between the brackets is intended to 
handle the torsional loads produced by 
propeller rotation. 

Some localized strengthening along 
the wing span is provided inside the 
wing box near the engine mounting posi- 
tions to distribute the loads. This 
added structure is indicated by the 
backward-K elements shown at the front 
of the wing box in the two section 
views . 





Figure 42. Typical Structure for 

Attaching Turboprop Engine 
to Aircraft Wing 
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REFERENCE TURBOFAN AIRCRAFT STUDIES 


How well does an aircraft with an 
advanced turboprop propulsion system 
compare with one with advanced turbofan 
engines? Before a response can be made 
to this question, a reference aircraft 
with turbofan engines must be developed 
for the comparison. Three reference 
aircraft were developed in this study - 
one for comparison with each selected 
turboprop aircraft. To minimize the 
differences between the turboprop and 
turbofan-powered aircraft and allow 
attention- to be concentrated on just 
the comparative effects of the two 
propulsion systems, each reference 
aircraft has the same delivery capabil- 
ities as its corresponding selected 
aircraft. That is, both aircraft to be 
compared have the same payload, cargo 
compartment, cruise speed and altitude. 
Furthermore, they are subject to the 
same operating constraints such as 
field length and approach speed. 

PARAMETRIC ANALYSIS 

The three reference turbofan air- 
craft were chosen from parametric study 
results that were obtained in two 
steps, as indicated on Table XIX. The 
first step provided the data for 
defining the two reference aircraft 
with 4-container payloads, while the 
third reference aircraft with a 
9-container payload was selected based 
on the results of the second step. 


Table XIX. Case Schedule for Turbofan 
Parametric 



STEP 1 

STEP 2 

PAYLOAD CONTAINERS 

4 

9 

MACH NUMBER 

0.75 

0.75 

CRUISE ALTITUDE, 1000 M 

10.1 

10.1 

FT 

33 

33 

WING SWEEP, RAD 

0.35 

0.35 

DEG 

20 

20 

WING loading, kn/m 2 

3.3 -6.2 

4.3 - 6.2 

LB/FT 2 

70 - 130 

90 - 130 

WING ASPECT RATIO 

8-16 

8-16 

ENGINE POWER SETTING, % 

70-95 

70-95 

ENGINE BYPASS RATIO 

5.8 - 18 

5.8 - 18 


Values for the cruise altitude and 
wing sweep angles are those of the 
selected turboprop aircraft. Although 
the designs of turbofan aircraft 
generally tend to optimize at higher 
altitudes than those for turboprop air- 
craft, the same altitude was used to 
minimize the number of variables to be 
considered when comparing the two air- 
craft. Later, as a sensitivity study, 
the effect of different altitudes was 
investigated. 

Variations in engine bypass ratio 
were included in the parametric study 
by considering four design point 
engines with ratio values of 5.8, 8.4, 
13. and 18. The weight and performance 
characteristics of each engine were 
developed in consultation with Pratt & 
Whitney 2 from the basic STF477 turbofan 
engine by using Lockheed's propul- 
sion cycle analysis program. Appendix 
J contains a description of the basic 
engine and a discussion of the metho- 
dology used to derive these alternate 
versions along with detailed data on 
each. 

The approach used in this para- 
metric study parallels that followed 
for the turboprop aircraft. For each 
combination of engine bypass ratio and 
power setting values, aircraft designs 
were generated for the complete set of 
wing loading and aspect ratio values. 
The study constraints were then applied 
to the results to eliminate some of the 
candidates. For the remaining designs, 
the minimum noiseprint areas were 
determined for various levels of block 
fuel and direct operating cost. Sub- 
sequently, these areas were compared 
with those at the same block fuel or 
direct operating cost for other bypass 
ratio and power setting cases. The 
outcome of the comparison is graphs of 
direct operating cost and block fuel 
versus noiseprint area. Figure 43 
presents such a set of results for a 
4-container payload, and Figure 44 
shows them for the 9-container payload 
case. Appendix K provides a fuller 
description of how the results in these 
figures were obtained by showing some 
of the initial data and by explaining 
the method of analysis step by step. 
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between 8.4 and 5.8 because both the 
cost and noiseprint areas are higher in 
this range than those at the 8.4 bypass 
ratio. 
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Figure 43. Cost of Quietness for 0.75 
Mach Number and 4-Container 
Payload Turbofan Aircraft 
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Figure 44. Cost of Quietness for 0.75 
Mach Number and 9-Container 
Payload Turbofan Aircraft 


These results merit a comment be- 
fore we proceed to the selection of the 
reference aircraft. Of the four dis- 
crete bypass-ratio values that were 
considered, the three higher values 
give the expected option of being able 
to choose between reducing the 
operating cost by tolerating a larger 
noiseprint area or reducing the noise- 
print area by paying a higher operating 
cost. In contrast, there are no 
apparent benefits from bypass ratios 


The major design parameters 
selected to define the three reference 
turbofan aircraft are listed in Table 
XX along with the major characteristics 
that were determined for each. The 
values for the mission features are the 
same as for the three selected turbo- 
prop aircraft for eventual comparative 
purposes . 


Table XX. Major Characteristics for 
Selected Turbofan Aircraft 
Designs 



TURBOFAN AIRCRAFT j 

CHARACTERISTIC 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

MISSION FEATURES 




NUMBER OF CONTAINERS 

4 

4 

9 

CRUISE MACH NUM8ER 

0.75 

0.75 

0.75 

CRUISE ALTITUDE, 1000 M (FT) 

10. 1 (33) 

10.1 (33) 

10. 1 (33) 

ENGINE 




BYPASS RATIO 

10 

13 

10 

POWER SETTING 

0.773 

0.30 

0.85 

WING GEOMETRY 




SWEEP, RAO (DEG) 

0.35 (20) 

0.35 (20) 

0.35 (20) 

ASPECT RATIO - 

13.43 

16 

12 

LOADING, KN/M 4 (PSF) 

6.0 (125) 

6.0 (125) 

6.0 (125) 

WEIGHTS, 1000 KG (LB) 




OPERATING 

41.2(90.7) 

45.3 (99.7) 

75.6 (166.3) 

FUEL 

17.0 (37.3) 

17.1 (37.7) 

32.4 (71.3) 

PAYLOAD 

27.3 (60.0) 

27.3 (60.0) 

61.4(135.0) 

RAMP 

35.5 (188.0) 

89.7(197.4) 

169.4(372.6) 

FIELD LENGTH, M (FT) 

2444 (8018) 

2354(7722) 

2468 (8074) 

80 EPNdB NOISEPRINT AREA 
KM 2 (Ml 2 ) 

52.8 (20.4) 

37.0(14.3) 

79.5 (30.7) 

DIRECT OPERATING COST*, 

10.0 (16.9) 

10.4(17.5) 

8.6 (14.5) 

C/ATKM (c/ATNM) 




♦ Fu.l at 264 S/M 3 (100 C/GAL) 


For the two compromise aircraft, an 
engine bypass ratio of 10 was chosen 
because it represents the probable 
upper limit on bypass ratio for a 
direct-drive engine. Engines with 
higher bypass ratios will necessitate 
going to a geared-fan arrangement with 
its attendant weight and technology 
problems. The noise reduction offered 
by a geared fan is such an attractive 
feature, however, that one was selected 
for the No. 2 Quietest aircraft. Tech- 
nology problems are expected to in- 
crease in direct proportion with the 
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level of the bypass ratio for geared 
fans. To minimize these problems while 
still gaining an indication of the 
potential benefits, a bypass ratio of 
13 was chosen for the third aircraft. 

Of the remaining selected items in 
the table, the wing loading is set by 
the maximum approach speed limit, and 
the engine power setting is established 
by the maximum field length limitation. 
The aspect ratio values are intended to 
minimize the cost and the noiseprint 
areas . 

Using the design parameter values 
listed in the table down through the 
heading of wing geometry, three 
reference turbofan aircraft designs 
were developed. Figures 45, 46, and 47 
provide three-view drawings of these 
aircraft, while the major derived 
characteristics for each are summarized 
at the bottom of Table XX. Further 
details on each aircraft are described 
in the following sections. 



Figure 45. Layout of No. 1 Compromise 
Turbofan Aircraft 



Turbofan Aircraft 



Figure 47. Layout of No. 3 Compromise 
Turbofan Aircraft 


Design 

Geometric dimensions of the three 
aircraft are compiled in Table XXI. 
The cargo compartment and fuselage are 
the same size as for the turboprop air- 
craft because both types have identical 
payload requirements. Also, both types 
of aircraft exhibit other common design 
features to simplify the comparison of 
the effects of the propulsion systems. 
The most prominent of these common 
features will be mentioned only brief- 
ly. For a fuller description of design 
features, reference should be made to 
the corresponding section on the turbo- 
prop aircraft. 

The No. 1 and No. 2 aircraft are 
loaded through a full-width aft door, 
while the No. 3 aircraft achieves 
straight-in loading through a full- 
width nose visor door. All of the air- 
craft have a high wing, engines mounted 
on pylons beneath the wing, and a 
T-tail empennage. The landing gear is 
comprised of a single-strut nose gear 
and twin-tandem main gears mounted on 
each side of the fuselage. 
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CENTER OF GRAVITY, PERCENT OF WING MEAN AERODYNAMIC CHORO 


Figure 48. (Cont'd) Loading Envelopes 
for Turbofan Aircraft 


Performance 

Table XXIII summarizes the major 
airport performance features of the 
three aircraft. In contrast to the 
turboprop aircraft, which take off in 
distances considerably under the 2440 m 
(8000 ft) field length limit, the tur- 
bofan aircraft require the full field 
length permitted. 

Productivity capabilities of the 
aircraft are shown by the payload-range 
curves in Figure 49. In each case, the 
payload-range combination that corre- 
sponds to the basic design point is 
specially designated. All of the air- 
craft have the required capability to 
carry up to 20 percent more payload 
than the design value for some reduced 
range. The range for the maximum over- 
load is defined by the intersection of 
the constant gross weight line and the 
horizontal line which represents the 
2.5-g structural limitation. Some in- 
crease in range is attainable at con- 
stant gross weight by trading payload 
weight for fuel weight until the wing 


volume available for carrying fuel be- 
comes a limitation. Additional range 
may be achieved only at a reduced gross 
weight with smaller payloads until the 
zero-payload, or ferry, range is 
eventually reached. 

These payload-range data were cal- 
culated based on the aircraft per- 
formance characteristics which are 
presented in Table XXIV and Figures 50 
to 52. Table XXIV shows the various 
components that contribute to the total 
drag buildup along with the particular 
values for each aircraft. Nacelle drag 
is not listed on the table because it 
is accounted for in the net thrust of 
the propulsion system. 

The drag polars shown in Figures 50 
to 52 were derived based on the drag 
buildups in the table. In each case, 
several polars are included for cruise 
and for takeoff conditions of gear down 
in ground effect and gear up out of 
ground effect. The corresponding lift 
curves are also included for complete- 
ness. 


Table XXIII. Airport Performance Sum- 
mary for Selected Turbo- 
fan Aircraft 



TURBOFAN AIRCRAFT ! 

ITEM 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

TAKEOFF DISTANCES, M (FT) 




balanced FIELD 

2444 (8018) 

2354 (7722) 

2294 (7527) 

OVER 1 1 M (35 FT) OBSTACLE 

2061 (6762) 

2058 (6751) 

2140 (7021) 

OVER 15 M (50 FT) OBSTACLE 

2119 (6951) 

2117(6947) 

2215 (7268) 

FAA FACTORED 

2370 (7776) 

2366 (7764) 

2461 (8074) 

TAKEOFF SPEEDS, M/S (KT) 




STALL 

63 (123) 

63 (122) 

63 (122) 

ROTATION 

74 (143) 

73 (142) 

70 (136) 

LIFT OFF 

76 (148) 

76 (147) 

73(141) 

APPROACH SPEED, M/S (KT) 

69 (135) 

69 (135) 

69 (135) 

LANDING DISTANCE, M (FT) 

1853 (6078) 

1862 (6110) 

1852 (6075) 

FLAP DEFLECTION, RAD (DEG) 




TAKEOFF 

0.34(19) 

0.35 (20) 

0.35 (20) 

LANDING 

0.87 (50) 

0.87 (50) 

0.37 (50) 

ENGINE-OUT GRADIENT 

0.024 

0.029 

! 0.055 

UFT COEFFICIENTS 




TAKEOFF 

2.60 

2.60 

2.60 

LANDING 

3.14 

3.14 

3.14 
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Table XXI. Geometry Summary for 

Selected Turbofan Aircraft 



TURBOFAN AIRCRAFT j 

ITEM 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

WING* 




ASPECT RATIO 
SPAN, M (FT) 

AREA, M 2 (FT 2 ) 
THICKNESS RATIO 
LOADING, KN/M 2 (PSF) 
SWEEP, RAO (DEG) 

13.5 

43.0 (141) 
137(1475) 
0.139 

6.0 (125) 
0.35 (20) 

16 

47.9 (157) 
144(1548) 
0.139 
6.0 (125) 
0.35 (20) 

12 

56.4(185) 
271 (2921) 
0.138 
6.0(125) 
0.35 (20) 

FUSELAGE 




LENGTH, M (FT) 
EQUIV. DIA., M (FT) 

40.5(133) 
4.2 (13.7) 

40.5 (133) 
4.2 (13.7) 

46.8 (154) 
6.3 (20.5) 

HORIZONTAL TAIL** 




SPAN, M (FT) 
AREA, M 2 (FT 2 ) 

8.6(28.1) 
16.3 (175) 

8.5 (27.9) 
16.1 (173) 

13.2(43.3) 
38.7 (417) 

VERTICAL TAIL* 




SPAN, M (FT) 
AREA, M 2 (FT 2 ) 

5.4 (17.8) 

24.4 (263) 

5.9(19.2) 
28.6 (308) 

7.0 (23.0) 
40.8 (439) 

CARGO COMPARTMENT 




ROWS OF CONTAINERS 
LENGTH, M (FT) 
WIDTH, M (FT) 

HEIGHT, M (FT) 

1 

24.7(80.9) 
2.7 (9.0) 
2.9 (9.5) 

1 

24.7 (80.9) 

2.7 (9.0) 
2.9 (9.5) 

2 

31.1 (102.0) 
5.6(18.5) 
2.9 (9.5) 


• taper RATIO -0.40 

— TAPER RATIO • 0.3S; SWEEP - 0.44 RAO (23 OEG); 
ASPECT RATIO • 4.5 ; THICKNESS RATIO - 0.0?5 

♦ TAPER RATIO • 0.8 ; SWEEP - 0.52 RAO (30 OEG); 
ASPECT RATIO • 1.2 ; THICKNESS RATIO - 0.093 


Weights and Balance 

Table XXII lists the weights for 
the major subsystems of the three tur- 
bofan aircraft. Based on the distribu- 
tion of these weights, the actual 
center-of-gravity positions of the air- 
craft were calculated as fuel and pay- 
load weights change. The resulting 
center-of-gravity envelopes for the 
three aircraft, as shown in Figure 48, 
are for an assumed uniform distribution 
of fuel and payload . Some variation 
from this uniform distribution assump- 
tion is permitted as long as the air- 
craft center of gravity does not move 
outside the two loadability limits on 
the figures. These limits are 
established by the horizontal tail 
size. The forward limit is fixed by 
nose wheel lift-off at 80 percent of 
the stall speed for the No. 1 and No. 2 
aircraft and by trim constraints for 
the No. 3 aircraft. Stability sets the 
aft limit for all three aircraft. 


Table XXII. Weight Summary for 

Selected Turbofan Aircraft 



turbofan aircraft j 

ITEM 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

STRUCTURE 




WING 
FUSELAGE 
HORIZONTAL TAIL 
VERTICAL TAIL 
NOSE GEAR 
MAIN GEAR 
NACELLE 
PYLON 

10,523 (23,150) 
9.823 (21,610) 
456(1,003) 
576 (1,267) 
509(1,120) 
3,406(7,493) 
612 (1,346) 
716(1,575) 

12,948 (28,486) 
9,871 (21,717) 
458(1,008) 
650(1,430) 
537(1,181) 
3,592 (7,903) 
686(1,509) 
812 (1,786) 

22,553 (49,616) 
19,285 (40,227) 
1,028 (2,261) 
945 (2,080) 
1,013(2,228) 
6,777(14,910) 
1,111 (2,445) 
1,256(2,764) 

PROPULSION 




ENGINES 
THRUST REVERSERS 
FUEL SYSTEM 
MISCELLANEOUS 

4,325 (9,514) 
726 (1,598) 
751 (1,652) 
455(1,000) 

5,240 (11,529) 
880 (1,937) 
755(1,661) 
455 (1,000) 

7,525(16,555) 
1,264 (2,781) 
1,038(2,283) 
909(2,000) 

SYSTEMS & EQUIPMENT 

8,332 (18,330) 

8,438 0 8,563) 

11,880(26,137) 

OPERATING WEIGHT 

41,2 tO (90,658) 

45,322 (99,709) 

75,584 (166,287) 

CARGO 

ZERO FUEL WEIGHT 

Fua 

RAMP WEIGHT 

27,273 (60,000) 
68,483 (150,658) 
16,966 (37,325) 
85,449 (187,983) 

27,273 (60,000) 
72,595 (159,709) 
17,150(37,730) 
89,745 (197,438) 

1 

61,364(135,000) 
136,948 (301,287) 
32,397(71,273) 
169,345 (372,560) 




CENTER OF GRAVITY, PERCENT OF WING MEAN AERODYNAMIC CHORD 


Figure 48. Loading Envelopes for Tur- 
bofan Aircraft 
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3.0 r 


Propulsion System 




Figure 51'. Drag Polars and Lift Curves 
for No. 2 Quietest Turbo fan 
Aircraft 




angle of attack 

Figure 52. Drag Polars and Lift Curves 
for No. 3 Compromise Turbo- 
fan Aircraft 


The main characteristics of the 
propulsion system are listed in Table 
XXV for the three aircraft. The bypass 
ratio 10 engines on the No. 1 and No. 3 
aircraft are direct-drive engines, 
while the bypass ratio 13 engine uses a 
geared fan. 

The dimensions and performance 
characteristics of the engines are 
based on those for the Pratt & Whitney 
STF477 turbofan engine. Descriptions 
and detailed data for the baseline 
versions of this engine are included in 
Appendix J along with an outline of the 
methods used to scale the baseline 
systems to other sizes. 


Table XXV. Propulsion Summary for 
Turbofan Aircraft 



TURBOFAN AIRCRAFT | 

ITEM 

I COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

ENGINE 




NUMBER 

2 

2 

4 

BYPASS RATIO 

10 

13 

10 

DIAMETER, M (FT) 

2.0 (6.5) 

2.2 (7.1) 

1.9 (6.2) 

LENGTH, M (FT) 

3.1 (10.3) 

3.4(11.2) 

3.0 (9.9) 

NACELLE 




DIAMETER, M (FT) 

2.3 (7.6) 

2.5 (8.3) 

2.2 (7.1) 

LENGTH, M (FT) 

3.1 (10.3) 

3.4 (11.2) 

3.0 (9.9) 

PERFORMANCE 




RATED THRUST, 1000 N (LB) 1 18.3 (26.6) 

125.4 (28.2) 

104.5 (23.5) 

CRUISE THRUST, 1000 N (LB) 24.9 (5.6) 

24.0 (5.4) 

21.8 (4.9) 

THRUST/WEIGHT, N/KG 
(L0AB) 

2.74 (0.2b) 

2.84 (0.29) 

2.45 (0.25) 

CRUISE 5FC, KG/HR-N 
(LB/HR-LB) 

0.06 (0.60) 

0.062 (0.61) 

0.061 (0.60) 


Noi3e 

Figure 53 shows the predicted noise 
levels of the three turbofan aircraft 
at the standard measuring points of 
takeoff, sideline, and approach. Also 
included on the figure are the FAR 36 
stage 3 noise limits applicable to new 
aircraft. It is immediately obvious 
from comparing the predictions and 
limits that the turbofan aircraft 
selected from the parametric study are 
unable to meet the noise regulations in 
most cases. This was not completely 
unexpected, nor is it necessarily 
disastrous! 
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C 1 COMPROMISE 
□ 2 QUIETEST 
& 3 COMPROMISE 

SYMBOL WITH TAIL IS FOR 
CUTBACK POWER ON TAKEOFF 



4 ENGINES 
2 ENGINES 



APPROACH FLYOVER 2000 M (6562 FT) 



10 100 400 KG 

< i i i i i i 

20 40 60 100 200 400 1000 LB 

TAKEOFF GROSS WEIGHT, 1000 


Figure 53. FAR 36 Stage 3 Noise Limits 
and Noise Levels of Select- 
ed Turbofan Aircraft With- 
out Treatment 


All of the turboprop and turbofan 
aircraft were originally designed with 
hardwall nacelles around the engines; 
that is, no attempt was made to sup- 
press engine noise. This approach has 
little effect on the turboprop aircraft 
because the propeller is the predom- 
inant noise source, not the engine. 
For the turbofan aircraft, however, the 
converse is true because the 'engine fan 
and turbine are the major noise 
sources, and these can be quieted 
through proper design of the nacelle 
for noise suppression. 

At the beginning of the turbo fan 
aircraft parametric study, there was no 
way of knowing how much noise treatment 
would be required for each aircraft to 
meet the FAR 36 limits. Rather than 
penalize some aircraft by adding too 
much treatment while possibly not 
adding enough treatment to others, the 
approach was adopted of using hardwall 
(untreated) nacelles for all of the 
parametric aircraft and then modifying 
only the selected designs as required. 

Pratt Sc Whitney has investigated a 
modified nacelle for the STF477 engine 
using an approach that was previously 
applied to a JT9D engine. In concept, 
the STF477 nacelle could be modified as 
indicated schematically in Figure 54 to 
achieve the noise reductions shown at 
the bottom of the figure. This figure 
presents noise reductions for only the 
two predominate engine sources - the 
fan and the turbine - and for the total 
engine. Essentially no reductions are 
realized by the engine core and jet. 

By designing a nacelle with noise 
suppression included from the be- 
ginning, rather than as a modification 
or add-on, the weight penalty for the 
suppression has been estimated to be 
approximately 15.9 kg (35 lb) per 
nacelle for the engine thrust levels in 
this study. This weight is so small, 
relative to the aircraft ramp weight 
(about 0.04 percent), that the aircraft 
need not be resized to take advantage 
of the amount of noise reduction. With 
this treatment , the three turbofan air- 
craft are considerably quieter, and as 
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O 1 COMPROMISE 
□ 2 QUIETEST 
A 3 COMPROMISE 



ENGINE PERCENT POWER UVtl 

Figure 54. Modifications to Turbofan 
Engine Nacelle for Noise 
Suppression and Predicted 
Level of Noise Reduction 


shown in Figure 55, their predicted 
noise levels over the measuring points 
easily comply with the FAR 36 regula- 
tions. 

Two noise-level values are shown in 
Figure 55 for takeoff flyover for each 
aircraft. One is for full— powered 
takeoff and climb, while the other is 
for a cutback power profile*. Note 
that the same result is achieved as for 
the turboprop aircraft; cutting back 
the power during climb is not always 
beneficial in reducing the noise at the 
measuring point. This occurs because 
the reduction in propulsion noise is 
more than compensated for by the re- 
duced flyover altitude. 


* The only difference between the two 
profiles occurs after the aircraft 
reaches an altitude of 305 m (1000 
ft) . In the cutback case, the engine 
power is reduced to the minimum level 
that will satisfy the FAR 36 regula- 
tions. No power reduction occurs for 
the full-power case. 


SYMBOL WITH TAIL IS FOR 
CUTBACK POWER ON TAKEOFF 




TO 100 400 <G 

20 40 60 100 200 400 1 000 LB 

TAKEOFF GROSS WEIGHT, 1000 

Figure 55. FAR 36 Stage 3 Noise Limits 
and Noise Levels of Select- 
ed Turbofan Aircraft with 
Treatment 



Further insight into the aircraft 
noise at the measuring points is gained 
by examining the contributions from the 
various noise sources, which are listed 
in Table XXVI, for the three turbofan 
aircraft with their nacelles treated. 

Based on these tables, the following 

observations are made. 

o There is no clear pattern of any one 
noise source being predominant for 
all or most cases. The fan and tur- 
bine noise sources, however, are 
generally the largest, or close to 
the largest, contributors. 

o During approach, turbine noise is the 
predominant source for all three air- 
craft. Fan and airframe noise are 
the next largest contributors. 

o For the No. 1 Compromise aircraft, 
fan noise is the major source for 
sideline and takeoff cases. Fan 
noise, along with airframe noise, 
ranks second to turbine noise during 
approach. 

o For the No. 2 Quietest aircraft, 
there is no predominant noise source. 
The three or four loudest contribu- 
tors for each condition are all with- 
in 3 dB of each other. Airframe and 
fan noise are always members of this 
group. 

o For the No. 3 Compromise aircraft, 
fan noise is by far the loudest con- 
tributor to the full-powered takeoff 
and sideline cases. Airframe noise 
is predominent during cutback take- 
off, and turbine noise holds this 
distinction for approach. 

o In general, the two compromise air- 
craft could benefit substantially 
from additional noise treatment in 
the nacelles before airframe noise 
becomes the limit to further noise 
reduction. Conversely, additional 
treatment on the quietest aircraft 
would not be beneficial because 
airframe noise is, or is nearly, the 
major noise source. 


Table XXVI. Noise Source Distributions 
for Turbofan Aircraft 


NO. 1 COMPROMISE 

MEASURING POINT 

TAKEOFF 

APPROACH 

SIDELINE 

NOSE SOURCE 

FULL POWER 

CUTBACK 

FAN 6 

92.97 

92.86 

97.22 

89.31 

TURBINE 

82.18 

84.65 

102. U 

77.16 

CORE 

80.61 

79.51 

85.81 

77.48 

JET 

77.56 

76.37 

81.57 

74.13 

AIRFRAME 

80.12 

82.35 

95.90 

76.25 

TOTAL 

94.55 

93.50 

104.76 

90.78 

DURATION CORRECTION 

-2.69 

-2.85. 

-4.44 

-1.69 

EPNL 

91.36 

90.65 

100.32 

89.09 


NO. 2 QUIETEST 

MEASURING POINT 

TAKEOFF 

APPROACH 

SIDELINE 

NOSE SOURCE 

FULL POWER 

CUTBACK 

FAN* 

79.85 

81.23 

95.16 

74.82 

TURBINE 

77.23 

80.18 

98.50 

72.01 

CORE 

80.56 

79.51 

86.81 

77.43 

JET 

75.00 

74.30 

79.35 

71.87 

AIRFRAME 

80.69 

83.19 

96.48 

76.81 

TOTAL 

83.80 

86.06 

102.31 

80.03 

DURATION CORRECTION 

0.96 

+0.43 

-5.60 

2.09 

EPNL 

84.76 

86.49 

; 96.71 

82.12 


NO. 3 COMPROMISE 

MEASURING POINT j 

TAKEOFF 

APPROACH 

SIDELINE 

NOCE SOURCE 

FULL POW® 

CUTBACK 

FAN* 

99.51 

90.68 

101.07 

93.95 

TURBINE 

90.03 

91.16 

105.45 

83.05 

CORE 

86.85 

84.07 

89.60 

82.04 

JET 

83.78 

80.43 

92.38 

78.66 

AIRFRAME 

84.86 

86.34 

97.15 

79.66 

TOTAL 

101.13 

98.20 

107.82 

95.49 

DURATION CORRECTION 

-3.71 

-0.34 

-4.69 

-2.07 

EPNL 

97.42 

97.86 

103.13 

93.42 


•NOISE LEVELS OF SOURCES ARE IN PERCEIVED NOISE LEVEL TONE- 
CORRECTED MAXIMUMS (PNLTM) 


o Cutting back on engine power during 
climb is as likely to be a detriment 
as a benefit. This points out the 
need for optimizing the takeoff and 
climb profile for each aircraft to 
minimize noise. 
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As discussed previously for the 
turboprop aircraft, noise at the 
measuring point conditions is in- 
adequate when the impact of aircraft 
noise on the airport community is the 
major concern. Noiseprints, which in- 
dicate the total area affected by 
particular noise levels of the air- 
craft, are more meaningful. For this 
study, noiseprint areas have been 
calculated for the three turbofan air- 
craft at 70, 80, and 90 EPNdB noise 
levels. The shapes of these noise- 
prints, as shown in Figures 56 to 58 
are separated into two portions of 


takeoff and approach for ease of 
presentation. The apparent overlap of 
the two contours at the approach end of 
the runway is accounted for in 
determining the total noiseprint area. 

Note that the scale for the No . 3 
aircraft is half that for the other two 
aircraft and that these noiseprints are 
for the three aircraft with hardwall 
nacelles. Noiseprints for these air- 
craft with the treated nacelles will be 
between one-fourth and one-third the 
size of those shown without the treat- 
ment, based on the sensitivity results 
which are presented later. 
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Figure 56. Noiseprints for No. 1 Com- 
promise Turbofan Aircraft 
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Figure 57. Noiseprints for No. 2 

Quietest Turbofan Aircraft 
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Figure 58. Noiseprints for No. 3 Com- 
promise Turbofan Aircraft 


Aircraft altitude changes are 
largely responsible for the gradual 
reductions in sideline distance on the 
noiseprints after takeoff and for the 
increasing sideline distance on 
approach. A further reduction in side- 
line distance is evident shortly after 
takeoff for the cutback case when the 
engine power is reduced. However, cut- 
back is not always beneficial because 
it tends to lengthen the noiseprint, 
particularly at low noise levels, as a 
result of less climb capability. 

Because of the tapered and elonga- 
ted nature of the noiseprints which 
necessitated presenting them in two 
parts, the impacts of cutback and 
different noise levels are not easily 
visualized. To overcome this, the 
noiseprints have been converted into 
squares of equivalent area, which are 
shown in Figure 59. In this form, 
correlation between the noise level and 
area becomes apparent. It is: a 10 

EPNdB reduction in the minimum noise 
level for the noiseprint produces a 
three to fourfold increase in the 
noiseprint area. 
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Figure 59. Squares of Equivalent 
Noiseprint Areas for 
Selected Turbofan Aircraft 
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Economics 


Acquisition and direct operating 
costs for the three turbofan aircraft 
were calculated using Lockheed's Air- 
craft Life-Cycle Cost Evaluation model, 
which is described in more detail in 
Appendix B. The acquisition cost 
portion of the model computes the cost 
of each structural and functional sub- 
system, and then adds them to obtain a 
total acquisition, or unit flyaway, 
cost. Direct operating costs were 
determined based on the 1967 Air 
Transportation Association methodology 
with the coefficients updated to 1980 
values. 

Tables XXVII and XXVIII list the 
values for the various elements that 
contribute to the acquisition and 
direct operating costs, respectively, 
for the three turbofan aircraft. These 
costs are based on the same guidelines 
and assumptions as for the correspond- 
ing turboprop aircraft. For a re- 
fresher, the reader may wish to refer 
to Table XVIII, which was presented 
earlier , for a summary of the costing 
basis. Required for the costing, but 
not listed in that table, are the fleet 
sizes to meet the specified productiv- 
ity. The fleet consists of 394 air- 


Table XXVII. Acquisition Cost Break- 
down for Turbofan Air- 
craft 

(COSTS IN $1000) 



TL 

;rbofan aircr 

AFT 

ELEMENT 

I COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

WING 

2,130 

2,565 

5,395 

TAIL 

452 

492 

1,031 

FUSELAGE 

2,525 

2,536 

5,842 

LANDING GEAR 

372 

390 

719 

FLIGHT CONTROLS 

388 

399 

730 

NACELLES 

485 

553 

1,123 

ENGINE INSTALLATION 

42 

46 

79 

FUEL SYSTEM 

169 

170 

344 

THRUST REVERSER 

341 

375 

586 

PROPULSION MISC. 

159 

159 

417 

INSTRUMENTS 

95 

97 

240 

HYDRAULICS 

222 

229 

496 

ELECTRICAL 

399 

420 

673 

AVIONICS INSTALLATION 

52 

52 

73 

FURNISHINGS 

383 

383 

679 

AIR CONDITIONING 

284 

285 

425 

AUXILIARY POWER 

54 

55 

75 

SYSTEM INTEGRATION 

342 

379 

951 

TOTAL EMPTY MFG. COST 

8,894 

9,575 

19,878 

SUSTAINING ENGINEERING 

717 

770 

2,564 

PROD. TOOL MAINT. 

796 

854 

2,437 

QUALITY ASSURANCE 

545 

585 

1,310 

AIRFRAME WARRANTY 

548 

589 

1,310 

AIRFRAME FEE 

1,725 

1,856 

4,125 

ENGINE 

4,181 

4,589 

7, 849 

AVIONICS 

500 

500 

500 

RESEARCH & DEVELOPMENT 

2,382 

2,476 

8,723 

TOTAL ACQUISITION COST 

20,288 

21,794 

48,696 


craft for the No. 1 or No. 2 design, 
and 175 for aircraft No. 3. 

The direct operating cost breakdown 
in Tabl£ XXVIII uses a fuel price of 
264 $/nr* (100 6/ gal ) . Admittedly, this 
price is lower than the current market 
value, but of the three values speci- 
fied for this study, the one used is 
closest to reality. Direct operating 
costs based on the two lower fuel 
prices, as well as some higher values, 
will be included in seme sensitivity 
study results that will be presented 
later. 

The relative importance of the var- 
ious elements that make up the direct 
operating cost is easier to perceive 
when the data of Table XXVIII are 
presented as in Figure 60. All three 
cost distribution layouts are drawn to 
the same scale so that the total area 
covered is indicative of the relative 
magnitude of the costs for each air- 
craft. Thus, the No. 2 aircraft has 
the largest area while the No. 3 air- 
craft has the smallest. 

Aircraft No. 1 and No. 2 are very 
similar in design, and as expected, 
their cost distributions are nearly 
identical. In contrast, the No. 3 
aircraft is considerably larger than 
the other two and it possesses a dif- 
ferent cost distribution. In every 
case, the fuel and oil item is the 


Table XXVIII. Direct Operating Cost 
Breakdown for Turbo fan 
Aircraft 



TURBOFAN AIRCRAFT j 

ELEMENTS 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

CREW 

1786* 

1793 

1902 

FUEL & OIL** 

4516 

4566 

8646 

INSURANCE 

784 

843 

1885 

maintenance 




airframe labor 

196 

210 

316 

AIRFRAME MATERIAL 

256 

273 

649 

ENGINE LABOR 

128 

130 

247 

ENGINE MATERIAL 

574 

630 

1078 

BURDEN 

648 

680 

1125 

DEPRECIATION 

2734 

2941 

6492 

TOTAL TRIP COST 

11,622 

12,066 

22,340 

DOC, C/AT KM 

10.0 

10.4 

8.6 

C/AT NM 

16.87 

17.51 

14.52 


* Cost* in doll an uni «u noted orharwfc*. 
*• Rial at 264 S/M^ (100 t/GAL) 
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NO. 1 COMPROMISE 



NO. 2 QUIETEST 


DEPRECIATION 24.4% 

/}. 


MAINTENANCE IS. 9% M 


INSURANCE 4.9% 



CREW U$% 


FUEL & OIL 37.9% 


NO. 3 COMPROMISE 



INSURANCE 8.5% 

Figure 60. Direct Operating Cost 

Distributions for Turbofan 
Aircraft 

largest single entity, and it, like the 
maintenance category, remains es- 
sentially a constant percentage of the 
total. The changing features are most- 
ly a result of the increased payload. 
With more than double the payload of 
the other two, aircraft No. 3 has a 
crew cost that is approximately one- 
half that of the two smaller aircraft. 
This balances the increased deprecia- 
tion and insurance costs incurred by 
being larger. 

SENSITIVITY STUDIES 


The three turbofan aircraft served 
as baseline values in a series of 
sensitivity studies in which .the objec- 


tive was to isolate the effects of the 
parametric study variables, the study 
guidelines and constraints, and the 
design methodology. 

Using the same approach as for the 
turboprop aircraft sensitivity studies, 
percent variations in noiseprint, DOC, 
and block fuel were used as indicators, 
where applicable, of the effect of the 
various sensitivity parameters. To de- 
termine which factors have the greatest 
impact on these indicators, the previ- 
ously defined measure of sensitivity 
(MOS) was used. As a refresher, the 
MOS is the ratio of the percent change 
that occurred in one of the indicators 
to the percent change in the sensitiv- 
ity parameter. For qualitative evalua- 
tion, the numerical MOS values are ar- 
bitrarily interpreted as follows: 


Numerical 

Evaluation 

MOS < 1 

1 - MOS < 2 

2 - MOS - 5 
MOS > 5 


Qualitative 

Interpretation 

Negligible 

Marginal 

Significant 

Critical 


The MOS values and qualitative assess- 
ments for all of the sensitivity 
studies on the turbofan aircraft are 
sunmarized in Figure 61. 

Noise source level is the only 
parameter in all of the turbofan air- 
craft sensitivity studies that critic- 
ally affects the results, and it does 
so for all three aircraft. Likewise, 
there is only one significant sensi- 
tivity area; it is the effect of air- 
frame weight on DOC, but only for the 
No. 2 Quietest aircraft. Marginally 
sensitive ratings are given to the 
effects of: drag on block fuel for all 

three aircraft, approach speed on block 
fuel for the No. 2 aircraft, airframe 
weight on DOC for the No. 1 and No. 3 
aircraft , and load factor on DOC for 
aircraft No. 1 and No. 2. All other 
sensitivity parameters have negligible 
effects. Further details on the indi- 
vidual sensitivity studies are provided 
in Appendix L. 
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*3 COMPROMISE 


SENSITIVITY FACTOR 
PERFORMANCE 
AtnTUOE 
NOISEPWNT 
OCC 

3LCCX FUEL 
DRAG 

NOISEPWNT 

DOC 

3LCCX FUEL 

.FIELD LENGTH 
NOISEPWNT 
OOC 

3LCCX FUEL 

APPROACH SPEED 
NOISEPWNT 
OCC 

3LCCX FUEL 

GUDESLOPE 

NOISEPWNT 

NOISE SOURCE LEVEL 
NOISEPWNT 

WING GEOMETRY 
ASPECT RATIO 
NOISEPRINT 
OOC 

3LOCCFUEL 

WING LOAOING 
NOISEPWNT 
OOC 

3LCCX FUEL 

WEIGHT 

PROPULSION 

OCC 

AIRFRAME 

OOC 

FUEL 

OOC 

ECONOMICS 
STAGE LENGTH 
NOISEPWNT 
'OOC 

3LCOC FUEL 

UTILIZATION 

OCC 

LOAO FACTOR 
NOISEPWNT 
OCC 

3LCCX FUEL 

FUEL PWC2 
OCC 

ENGINE COST 
OCC 

AIRFRAME COST 
OCC 

FLYAWAY COST 
OCC 

MAINTENANCE COST 
OCC 
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Figure 61. Summary of Turbofan Air- 
craft Sensitivity Study 
" Results 
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AIRCRAFT COMPARISON 


One of the main objectives of this 
study is to compare the effects of tur- 
boprop and turbofan propulsion systems 
installed on similar aircraft. The six 
aircraft - three with turboprops and 
three with turbofans - that were 
described in the preceding sections 
provide the basis for fulfilling this 
objective. Because each pair of com- 
petitive aircraft is similar in ex- 
ternal appearance, geometrical dif- 
ferences are negligible and can be 
ignored. Instead, the comparison can 
be focused on the difference in the 
areas of performance including cost, 
noise, and sensitivities. 

PERFORMANCE 


Numerical values are listed in 
Table XXIX for five parameters which 
provide an indication of the per- 
formance capabilities of the six air- 
craft. A comparison of the three 
turboprop or three turbofan aircraft 
revels that two purported axiomatic 
trends are met: "quietness costs" and 

"bigger is better." The quietness 
axiom is supported by comparing air- 
craft No. 1 and No. 2 for both pro- 
pulsion systems. Aircraft No. 2, a 

Table XXIX. Numerical Comparison of 
Aircraft Performance 



AIRCRAFT j 

1 COMPROMISE 

2 QUIETEST 

3 COMPROMISE 

PAYLOAD, 1000 

KG 

27.2 

2 , 2 

61 

.4 


LB 

60 


60 


135 


PROPULSION TYPE 

PROP 

FAN 

PROP 

FAN 

PROP 

FAN 

RAMP WEIGHT, 1000 KG 

81 

35 

85 

90 

166 

169 


LB 

173 

188 

187 

197 

365 

373 

BLOCK FUEL, 1000 KG 

10.7 

13.5 

10.3 

13.6 

21.2 

25.8 


LB 

23.5 

29.6 

23.8 

29.9 

46.6 

56. 7 

FUEL EFFICIENCY, 

tkm/kg 

12.08 

9.60 

11.91 

9.47 

13.69 

11.23 


TNM/LB 

2.93 

2.33 

2.39 

2.30 

3.32 

2.73 

DOC, 

c/TKM 

8.8 

10.0 

8.9 

10.4 

8.0 

3.6 


C/TN M 

14.7 

16.9 

15.0 

17.5 

13.3 

14.5 

FIELD LENGTH, 

M 

1849 

2444 

1877 

2366 

1848 

2438 


FT 

6067 

3018 

6157 i 

7764 

6362 

3000 


quiet version of aircraft No. 1, pays 
for its quietness by being relatively 
heavier, less fuel efficient, and more 
expensive to operate. Consistent with 
the size axiom, aircraft No. 3 achieves 
better fuel efficiency and lower DOC 
than aircraft No. 1 by carrying a 
larger payload. 

A companion illustration , Figure 
62, graphically highlights the percent 
benefits that each turboprop aircraft 
enjoys relative to its counterpart tur- 
bofan aircraft. In every case, the 
turboprop wins with lower ramp weights 
and less block fuel used , resulting in 
higher fuel efficiencies*, lower DOCs, 
and shorter field lengths. The mag- 
nitude of seme of the benefits is par- 
ticularly noteworthy with fuel savings 
of 17 to 21 percent, 21 to 26 percent 
improvement in fuel efficiency, and 
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BLOCK FUEL 
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DOC 

FIELD LENGTH 
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3.3 
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PERCENTAGE BENEFIT OF TURBOPROP TO TURBOFAN 


Figure 62. Turboprop Aircraft Perfor- 
mance Benefits Relative to 
Turbofan Aircraft 


* Fuel efficiency, as used here, is the 
product of the payload and range 
divided by the block fuel. Thus, fuel 
efficiency indicates the amount of 
payload that may be carried a unit 
distance per unit of fuel, or alter- 
nately, the total distance a unit 
payload will be carried for a unit of 
fuel . 
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DOCs down by 8 to 15 percent. The 20 
to 25 percent shorter field lengths are 
also significant because this means 
that the turboprop aircraft can operate 
into small airports that may not be 
accessible to turbofan aircraft. 

Although not shown on the figure, 
both the turboprop and turbofan air- 
craft have about 20 percent lower fuel 
consumption than today's commercial 
aircraft . Thus , the turboprop offers a 
total potential fuel saving of 40 
percent in comparison with current air- 
craft. 

NOISE 


There are two types of noise 
measurements of concern. One, 
measuring point noise, is set by 
federal regulations, and hence, demands 
compliance. The second, the noiseprint 
concept, is intended to provide an in- 
dication of the effect of an aircraft 
on the airport community. In this re- 
port, noiseprint areas are presented 
for several noise levels without 
attempting to judge what is an accept- 
able level or area for any community.* 
Such a judgment must take into account 
the community's proximity to the air- 
port and the background of its consti- 
tuency, both of which are considerably 
outside the scope of this study. 

Measuring Point Noise 

Because of the regulatory require- 
ments concerning it, measuring point 
noise is addressed first in comparing 
the two types of propulsion systems. 
Figure 63 illustrates the FAR 36 stage 


* Even though an 80 EPNdB noise level 
is used for presenting much of the 
sensitivity data in this report, this 
level simply served as a convenient 
base and is not intended to imply a 
preferred or suggested level. 


O I COMPROMISE 
□ 2 QUIETEST 
Q 3 COMPROMISE 

SYMBOL WITH TAIL IS FOR 
CUTBACK POWER ON TAKEOFF 

P -TURBOPROP 
F - TURBOFAN 



4 ENGINES 
2 ENGINES 



10 TOO 400 KG 

• i i i . ■ 

20 40 6 0 100 200 400 1000 LB 

TAKEOFF GROSS WEIGHT, 1000 


Figure 63. Comparison of Aircraft 

Noise Levels with FAR 36 
Stage 3 Limits 
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3 noise limits as a function of gross 
weight at the three standard measuring 
points of takeoff flyover, sideline, 
and approach. All six aircraft neces- 
sarily comply with the regulations, as 
indicated by all of the predicted noise 
level points being below the limit. 
That seme aircraft points are further 
below the limits than others is not the 
result of any concerted design effort 
on that particular aircraft. As dis- 
cussed in previous sections, the six 
aircraft were selected based on their 
impact on noiseprint areas. The noise 
levels of the turboprop aircraft at the 
measuring points are simply a fall-out; 
those for the turbofans are the result 
of applying equal noise suppression 
treatment to the nacelles after it was 
observed that the original selections 
with hardwall nacelles could not 
satisfy the regulations - an expected 
result. 

Although the propeller or fan is 
the predominant noise source in the 
respective aircraft for most cases, 
generally, only small reductions in 
these noise sources will prove 
beneficial before airframe noise be- 
comes the major source. In fact, 
airframe noise predominates on approach 
for all three turboprop aircraft. 

Airframe noise is higher for a 
turboprop aircraft than for a turbofan 
aircraft because of propeller slip- 
stream effects on the wing and flaps, 
all other things being equal. The in- 
fluence of these effects on airframe 
noise may be observed by comparing 
corresponding aircraft (see Tables XV 
and XXVI) at the approach measuring 
point where all conditions are essen- 
tially equal. In these cases, the slip- 
stream is responsible for about a 3 dB 
increase in airframe noise. Further 
details on this slipstream effect are 
presented in Appendix M. 

In regard to the aircraft noise 
levels at the measuring points, the 
only significant point is that all 
comply with the regulations. No sig- 
nificance is attached to the noise 
level of one aircraft relative to 
another because no attempt was made to 


minimize noise at the measuring points. 
The reason for the apparent contradic- 
tion in several cases of louder noise 
with cutback power than for full power 
will be explained later. 

Noiseprint3 

Noiseprint areas previously 
calculated are listed in Table XXX for 
the six aircraft at three noise levels 
for both full and cutback power condi- 
tions.* Although such a tabulation is 
beneficial if absolute magnitudes are 
of interest, a relative comparison is 
much easier to illustrate in the format 
of Figure 64. The lengths of the bars 
on the figure indicate the percentage 
by which the noiseprint area for the 
louder propulsion system exceeds the 
area for the quieter system. Thus, 
when the bars project to the left, the 
turbofan is louder, has a larger area, 
and is less desirable. Projections of 
the bars to the right occur for un- 
favorable turboprop results. 

Two results occur which require an 
explanation. First, the turboprops 
have smaller noiseprints than the tur- 
bofans at the 90 EPNdB level, but the 
reverse is true at the lower levels. 
In fact, the lower the level, the 
greater the difference between the two. 
Second, cutback power may be counter- 
productive and increase, rather than 
decrease, the noiseprint. 

Before we can explain what is 
happening in these particular cases we 
need to review some details on the 
basic noise characteristics of the two 
propulsion systems. Consider Figures 
65 and 66 which combine the results of 
several figures from Appendix C. 
Figure 65 shows that turbofan noise 


* The noiseprint areas for the turbofan 
aircraft are based on the original 
hardwall nacelles around the engines. 
The effects of the insulation required 
to reduce the noise to meet the 
measuring point requirements have not 
been accounted for here. 
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Table XXX. 


NOISEPRINT 

LEVEL, 

EPNdB 

90 
80 
70 


90 

80 

70 


90 

80 

70 


Numerical Comparison of 
Aircraft Noiseprints 



aircraft | 

I COMPROMISE! 

2 QUIETEST 

3 COMPROMISE | 

PROPULSION TYPE 

PROP 

FAN 

PROP 

FAN 

PROP 

FAN 

NOISE LEVEL, EPNdB 

FULL POWER AREAS IN SO KM 

90 

10.6 

17.1 

7.8 

11.1 

20.5 

25.4 

80 

84.5 

54.1 

59.3 

37.5 

165.0 

77.6 

70 

916.0 

161.3 

496.0 

115.6 

1472.0 

229.2 


CUTBACK POWER AREAS IN SQ KM 

90 

6.2 

13.7 

4.1 

3.8 

12.7 

22.6 

80 

54.1 

51.3 

34.4 

36.0 

138.0 

89.0 

70 

470.0 

173.2 

274.5 

126.6 

1306.0 

311.0 



FULL P< 

DWER AREAS IN SQ Ml 


90 

4.1 

6.6 

3.0 

4.3 

7.9 

9.8 

89- 

32.6 

20.9 

22.9 

14.5 

63.7 

30.0 

70 

315.3 

62.3 

191 .7 

44.6 

568.5 

88.5 


CUTBACK POWER AREAS IN SQ Ml 

90 

2.4 

5.3 

1.6 

3.4 

4.9 

8.7 

80 

20.9 

19.8 

13.3 

13.9 

53.2 

34.4 

70 

181.9 

66.9 

106.0 

48.9 

504.6 

120.2 
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Figure 65. Comparison of Altitude 

Effects on Noise Predic- 
tions 
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Figure 66. Comparison of Forward Speed 
Effects on Noise Predic- 
tions 
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Figure 64. Comparison of Propulsion Effects on Noiseprint Ar^eas 
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attentuates much quicker with distance 
than turboprop noise. For example, 
turbofan noise will be 13 EPNdB quieter 
over a 3280 m (10,000 ft) distance than 
a turboprop of equal noise level. This 
is directly related to the attenuation 
characteristics of the two systems. 
Turbofans characteristically have 
high-frequency noise which dissipates 
rapidly, while turboprops emit low- 
frequency noise which is not so readily 
suppressed with distance. 

Another basic difference between 
the two systems is the radically di- 
vergent speed corrections, as indicated 
in Figure 66. Turbofan perceived noise 
levels are basically independent of 
aircraft forward speed, but the EPNdB 
benefits because of the duration cor- 
rection which becomes more negative 
with higher speed. The turboprop 
experiences the same duration cor- 
rection benefit, but it is severely 
overridden by the propeller tip speed 
effect. Although the propeller rotates 
at constant speed, its noise level 
varies in proportion to its total 
velocity, which is the resultant of the 
rotational speed and the aircraft for- 
ward speed. Thus, at 138 m/s (250 kt) 
a turbofan aircraft is 5 EPNdB quieter 
than an otherwise identical turboprop 
aircraft because of the forward speed 
effect . 

With that background, the noise- 
print area variations can now be ex- 
plained in conjunction with the initial 
flight path profiles in Figures 67 for 
the six aircraft. Each section of the 
figure compares the flight paths for 
two competitive aircraft at both normal 
and cutback power during climb. The 
profiles at full power are those that 
would typically be flown in normal com- 
mercial operation consistent with FAR 
25, while those at cutback power are in 
accord with the FAR 36 measuring point 
requirements. Points are noted on the 
profiles to indicate aircraft positions 
when the noiseprint for a particular 
level closes. The position of the FAR 
36 takeoff flyover measuring point, 
relative to brake release, is also 
designated. 


The following explanations are 
based on the flight profiles for the 
No. 1 Compromise aircraft but apply 
equally to the others. At the 90-EPNdB 
level , the noiseprints close when both 
aircraft are at altitudes of approxi- 
mately 650 m (2000 ft) . Because of 
their greater climb capabilities, the 
turboprops reach this altitude at 
shorter distances from brake release, 
which results in smaller noiseprints. 
For this noiseprint, the distance and 
speed correction effects are not a con- 
sideration. 

At the 80-EPNdB level, the distance 
and speed corrections begin to have an 
effect on the noiseprint size. Under 
full power, the noiseprint for the tur- 
boprop does not close until it is about 
4000 m (12,000 ft) further down range 
than the turbofan, even though the tur- 
boprop is about 1000 m (3000 ft) 
higher. This substantially increases 
the noiseprint area. Under cutback 
power, the noiseprint for the turboprop 
closes about 2500 m (7500 ft) sooner 
than that for the turbofan , with both 
at about the same closure altitude. 
However , the smaller amount of noise 
attenuation with distance for the tur- 
boprop gives a wider sideline distance 
to more than balance the reduced 
closure length. Consequently, the 
noiseprint for the turboprop is slight- 
ly larger than for the turbofan at cut- 
back. 

At the 70 -EPNdB level, the speed 
and distance correction effects are so 
pronounced that the closure locations 
of the turboprops will not fit on the 
graph. Rather, they can only be hinted 
at by listing the distance from brake 
release to closure on the right side of 
the graph. With the closure distance 
for the turboprop at three times that 
for the turbofan at full power, it is 
quite evident that the noiseprint for 
the turboprop will exceed that for the 
turbofan by a substantial margin. The 
same phenomena occur under cutback 
power . 

Next, attention will be focused on 
the relative merits of cutting back 
power during climb. As a result of re- 
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Figure 67. Initial Flight Path Comparison for Turboprop and 
Turbofan Aircraft 



ducing power, two things happen which 
tend to be counterproductive. The 
positive aspect is that the noise 
source level goes down in proportion to 
the amount of power reduction. A con- 
sequence of. less power, however, is 
that the -aircraft climbs at a slower 
rate, thereby increasing the length of 
the noiseprint. For the flight pro- 
files shown, this effect is experienced 
by the turbofan aircraft as the noise- 
print level becomes lower. This effect 
is also responsible for the apparent 
anomaly in several measuring point 
noise cases where the aircraft is 
louder under cutback power than full 
power. 

As mentioned earlier, the flight 
profiles in Figure 67 for cutback power 
are in accordance with FAR 36 for re- 
cording noise at the measuring points. 
The profiles for full power are not 
according to FAR 36 but are for normal 
operation which gives noiseprints that 
will typically be borne by the airport 
community - the type of noiseprints 
that must be minimized to gain com- 
munity acceptance. 

For the FAR 36 regulations, the 
flaps must remain in the takeoff posi- 
tion regardless of power level. As a 
result , the aircraft reaches a higher 
altitude over the measuring point than 
in normal operation. In relation to 
the flight profiles in Figure 67, the 
aircraft will be at a higher altitude 
over the measuring point than indicated 
by the solid lines for normal full- 
power operation. Sometimes this higher 
altitude is more beneficial than the 
reduced level of the noise source. 
Such is the case, as may be seen in 
Figure 63, for all three turbofan 
aircraft and for the No. 3 turboprop 
aircraft. Consequently, FAR 36 noise 
levels are not indicative of actual 
aircraft noise during normal operation . 
Figure 68 shows how much the FAR 36 
noise levels are below the levels that 
would actually be perceived for the six 
aircraft in this study. In reviewing 
the differences, remember that each 3 
dB noise change represents a doubling 
in noise intensity. 


FULL POWER 

TAKEOFF SIDEUNE 

AIRCRAFT 




INCREASE IN NOISE LEVELS IN EPNdB AT MEASURING POINTS 
FOR NORMAL OPERATION VERSUS FAR 36 CRITERIA 

Figure 68. Effect on Noise Levels at 
the Measuring Points from 
Varying the Takeoff Oper- 
ating Procedure 

One other point must be made con- 
cerning the noiseprints. In the 
previous discussion, we noted that the 
noiseprints for the turbofan aircraft 
are based on the original hardwall 
nacelles around the engines and do not 
reflect the effects of the insulation 
that was added to meet the measuring 
point regulations. Obviously, this 
treatment will reduce the noiseprints 
of the turbofan aircraft. No attempt 
was made, however, to calculate the 
noiseprints for the treated turbofan 
aircraft for the following reason. 

One objective of this study is to 
evaluate turboprops relative to turbo- 
fans. Figure 64 shows that the noise- 
prints for the untreated turbofans are 
smaller than those for the turboprops 
at the two lower noise levels, which 
must be the noise levels of interest to 
meet the goal of unrestricted airport 
operations. Having established that 
the noiseprints for the turbofans are 
smaller than for the turboprops, there 
is no need to determine how much 
smaller the turbofan noiseprints can be 
made. For those to whom this is 
vitally important, though, an indica- 
tion of the possible reduction can be 
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made based on the sensitivity results. 
They showed that a 3-dB reduction in 
the noise source produces a one-third 
to one- fourth smaller noiseprint. 
Typically, the turbofan treatment 
provided a 9-EPNdB reduction in the 
noise source. Correspondingly, the 
noiseprint area should drop to about 
three-eighths of the previous size. 

SENSITIVITY RESULTS 

Of all the sensitivity studies that 
were performed, only a few parameters 
were found to have a critical or sig- 
nificant impact on the results. For 
the purposes of this comparison, those 
sensitivity results are sunmarized in 
Table XXXI. To review, the ratings are 
as follows. A critical assessment 
means that a one percent change in the 
sensitivity factor produces more than a 
five percent change in the particular 
measure of sensitivity, be it noise- 
print area, DOC, or block fuel. Sig- 
nificant ratings are for two to five 
percent changes in the measure of 
sensitivity per unit change in the 
sensitivity factor. Marginal ratings 


Table XXXI. Comparison of Sensitivity 
Results 



SENSITIVITY RATINGS 1 

PROPULSION SYSTEM 

TURBOPROP 

TURBOFAN 

MEASURE OF SENSITIVITY 

NOISE 

PRINT 

— 

DOC 

B.F. 

NOISE 

PRINT 

DOC 

B.F. 

PROP DIAMETER 

c, s 

N 

N 




DISK LOADING 

S, M 

N 

N 




TIP SPEED 

c 

N 

N 




BLADES 

c, N 

N 

N 




THRUST/WEIGHT 

S, M 

N 

N 




ALTITUDE 

N 

N 

N 

N 

N 

N 

ORAG 

N 

N 

M 

N 

N 

M 

FIELD LENGTH 

S 

N 

N 

N 

N 

N 

APPROACH SPEED 

M 

M 

M 

N 

N 

M 

GLIDESLOPE 

N 

N 

N 

N 

N 

N 

NOISE SOURCE LEVEL 

C 



C 



WING LOADING 

N 

N 

N 

N 

N 

N 

ASPECT RATIO 

N 

N 

N 

N 

N 

N 

WEIGHT - PROPULSION 


N 



N 


AIRFRAME 


S f M 



S, M 


FUEL 


N 



N 


STAGE LENGTH 

N 

N 

M 

N 

N 

N 

UTILIZATION 


N 



N 


LOAD FACTOR 

N 

M 

N 

N 

M 

N 

FUEL PRICE 


1 N 



N 


PROP COST 


N 





ENGINE COST 


1 

1 N 



N 


AIRFRAME COST 


N 



N 


FLYAWAY COST 


N 



N 


MAINTENANCE COST 


N 



N 



RATINGS: C - CRITICAL, S - SIGNIFICANT, M - MARGINAL, N - NEGLIGIBLE 
BLANK SPACES INDICATE NOT APPLICABLE OR ASSESSED 


apply when only one to two percent 
changes are realized for each one 
percent change in the sensitivity 
factor, and negligible ratings are 
given for changes of less than one 
percent. 

The propeller parameters have major 
impacts on the noiseprints, but negli- 
gible effects on the DOC and block 
fuel. The particular propeller para- 
meters have the following effects on 
the noiseprints of each aircraft. Tip 
speed is. a critical factor for all 
three aircraft. Propeller diameter is 
critical for the No. 2 aircraft which 
has the maximum size allowed, but only 
a significant factor for the No. 1 and 
No. 3 aircraft which have propellers 
smaller than the maximum. The number 
of blades is critical for the 10-bladed 
No. 1 and No. 3 aircraft but is negli- 
gible for the 6-bladed No. 2 aircraft. 
Disk loading has a significant effect 
on the No. 2 aircraft, which has the 
lowest disk loading of the three, but 
only a marginal effect is experienced 
by the No. 1 and No. 3 aircraft. 

Thrust/weight variations have a 
significant effect on the noiseprint of 
the No. 2 turboprop aircraft which has 
the lowest thrust/weight ratio of the 
three. This parameter has only a 
marginal effect on the noiseprints of 
the other two aircraft, and has a 
negligible effect on the block fuel and 
DOC for all three aircraft. 

Initial cruise altitude and 
approach glideslope along with wing 
geometry factors of wing loading and 
aspect ratio have negligible effects on 
all six aircraft. Drag variations have 
marginal effects on only the block fuel 
for the six aircraft; the other 
measures are negligibly affected. 

Field length has a significant 
effect on the noiseprints of the three 
turboprop aircraft, but only negligible 
effects on those for the turbofan air- 
craft. Negligible changes in DOC and 
block fuel occur with field length 
changes for all six aircraft. 

Approach speed variations have a 
marginal effect on the block fuel of 
the No. 3 turboprop aircraft and the 
No. 2 turboprop and turbofan aircraft. 
The DOC of the No. 2 turboprop and the 
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CONCLUSIONS 


noiseprint of the No. 3 turboprop are 
also marginally affected by changing 
approach speed. These effects occur in 
some of the cases where wing loading is 
constrained by the approach speed. 
Thus, changing the approach speed means 
going to another wing loading, thereby 
changing the whole design. 

Variations in the noise source 
level produce critical changes in the 
noiseprints of all six aircraft. Of 
all the parameters considered, this one 
is judged to be most in need of further 
attention and analysis. 

Possible errors in estimated 
weights of the airframe have marginal 
to significant effects on aircraft DOC. 
Similar variations in propulsion and 
fuel weights have only negligible 
effects because of the relatively 
smaller importance of these parameters 
to DOC. 

Stage length has a marginal effect 
on the block fuel of the turboprop air- 
craft and a negligible effect on the 
turbofan aircraft. This difference 
arises because of the much lower 
specific fuel consumption of the turbo- 
props . 

Load factor has a marginal impact 
on DOCs for the aircraft. All other 
factors considered have negligible 
effects. 


Several conclusions have been 
reached based on the results of this 
study. Each one is presented in a 

highlighted single summary sentence and 
is followed by a brief discussion that 
explains and justifies the conclusion. 

o Advanced turboprop (propfan) propul- 
sion systems offer potentially sig- 
nificant benefits over a turbofan 
propulsion system and merit further 
development efforts. 

A comparison of competitive air- 
craft with the two types of propulsion 
shows that an advanced turboprop offers 
advantages relative to an advanced 
turbofan that may be as large as: 

o Fuel savings of 21 percent 
o Fuel efficiency 26 percent higher 
o DOCs 14 percent lower 
o Field lengths 25 percent shorter 

These fuel savings for the turbo- 
prop nearly double to 40 percent in 
comparison with current commercial 
turbofan aircraft. The magnitude of 
these potential fuel savings provide 
tremendous incentive for considering 
further development of the turboprop in 
view of rising fuel prices and limited 
fuel availability in the future. 

The lower DOCs are an attractive 
feature for both the airlines and the 
paying public. The substantially 
shorter field lengths are another plus 
for the turboprop. They permit turbo- 
prop aircraft to service small airports 
that are inaccessible to turbofan air- 
craft. 

o Operation at cruise Mach numbers 
below 0.8 becomes increasingly 
attractive as fuel price increases 
. and becomes a greater percentage of 
aircraft direct operating cost. 


Aircraft designs were produced for 
cruise Mach numbers of 0.6, 0.7, and 

0.8 in the parametric study, and air- 
craft operating costs were estimated 
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for fuel prices of 132 to 264 $/m (50 
to 100 U gal). At the time of the 

selection of the first aircraft design 
points, the lowest fuel price was 
representative of then-current prices. 
For that price, the parametric data 
showed that a cruise Mach number of 
0.75 gave the minimum operating cost. 
The data also showed that a 0.7 cruise 
Mach number minimizes operating cost 
for the highest fuel price considered , 
a historical price by the end of this 
study. With higher fuel prices, even 
lower cruise speeds may be best for 
minimizing the aircraft operating 
costs. 

o A propeller tip speed of about 229 
m/s (750 fps) provides a compromise 
for minimizing cost and noiseprint . 

Parametric study results showed 
that increasing the propeller tip speed 
above 229 m/s (750 fps) offered only 
minimal reductions in operating costs 
while substantially increasing the 
noiseprint area. Conversely, at lower 
speeds, only minimal decreases were ob- 
tained in the noiseprint areas and 
these were accompanied by dispro- 
portionately large increases in op- 
erating costs. 

o An installed sea-level disk loading 
of about 402 kW/m(50 hp/ft " *) for the 
propeller gives aircraft designs that 
effectively compromise conflicting 
design goals to minimize noiseprint 
area and direct operating cost . 

Sea-level-installed disk loadings 
between 281 and 640 kW/in (35 and 80 
hp/ ft ; were considered in the para- 
metric study. At the lower disk 
loadings, problems were encountered 
with excessively large diameter 
propellers and high operating costs. 
Conversely, with higher disk loadings, 
the aircraft noiseprints become ex- 
ceedingly large. 

o Based on the only available noise and 
cost data, aircraft with ten-blade, 
high-speed propellers are least 


costly to operate; aircraft with 
ten-blade, moderate-speed propellers 
provide a compromise in minimizing 
cost and noise; and aircraft with 
six-blade, low-speed propellers are 
quietest. 

Six, eight, and ten-blade propel- 
lers were considered for operation at 
tip speeds of 204 m/s (670 fps) , 229 
m/s (750 fps), and 256 m/s (840 fps). 
The parametric study results show that 
the six-blade propeller at the lowest 
tip speed gives the quietest aircraft, 
and that a ten-blade propeller at the 
highest tip speed produces the least 
expensive aircraft to operate. A 
ten-blade propeller at the middle speed 
provided the best compromise for 
attempting to simultaneously minimize 
both noise and cost. 

o Eight-blade propeller is not a good 
candidate because of probable bias in 
available data . 

An eight-blade propeller rarely 
offered any advantages. This may have 
occurred because the only available 
data on this advanced propeller are 
based on guidelines which naturally 
tend to preclude an eight-blade 
propeller from being a good candidate. 
To be more specific, the eight and 
ten-blade propeller data are for the 
same total propeller activity factor, 
while the six and eight-blade propel- 
lers have the same activity factor per 
blade. The bias is believed to be in 
the potential manufacturer's cost esti- 
mate (see Appendix B) which shows that 
propellers with eight blades cost more 
than those with six blades for a given 
diameter, but that eight and ten-blade 
propellers cost the same. 

o Accuracy of predicted noise source 
levels is critical to study results . 

Sensitivity study results suggest 
that a 3“dB increase in aircraft noise 
level produces 100 and 40 -percent in- 
creases in the noiseprint areas for 
turboprop and turbofan aircraft, re- 
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spectively. Thus, small changes in the 
noise sources mean large variations in 
the noiseprints . Because both propul- 
sion systems used in this study are of 
the paper variety, that is they are 
design concepts and not hardware items, 
the actual noise characteristics of 
bath systems may change considerably 
from the predicted values by the time 
these systems are built. This could 
drastically alter the results of this 
study. 

o FAR 36 noise levels are probably not 
a valid indication of the impact of 
aircraft noise on the community . 

Because of the artificial condi- 
tions imposed by the FAR 36 regula- 
tions, the noise levels recorded at the 
takeoff and sideline measuring points 
are lower than the levels perceived 
when the aircraft operate in a normal 
manner. Even though the FAR 36 noise 
levels are a poor indication of normal 
operating noise for an aircraft at two 
of the three measuring points, they are 
arc even poorer indicator of the effect 
of" aircraft noise on the total airport 
community, as is evident from the study 
results. The only measure that gives 
the total noise impact on the community 
Is the size of the aircraft noiseprint 
area for several noise levels. 

a Advanced turbofan aircraft are less 
likely to experience curtailed air- 
port operations because of noise than 
advanced turboprop aircraft . 

Noi3e levels between 70 and 80 
EFNdB are often suggested as a quiet- 
ness goal for aircraft operating near 
an airport because noises at these 
levels will not awaken a sleeping com- 
munity. The study results showed that 
advanced turbofan aircraft noiseprints 
at these levels are smaller than those 
for advanced turboprop aircraft. 


o High bypass ratios are preferred in 
turbofan engines . 

Lower fuel consumption and quieter 
aircraft were obtained by using high 
bypass ratio (above 8) engines. Based 
on consultations with engine manufac- 
turers, the turbofan engines were 
assumed to have direct-drive fans for 
bypass ratios .up to 10 and geared fans 
above 10. The geared fans merit 
further consideration because of their 
quietness. 


74 



RECOMMENDATIONS 


Considerable research and develop- 
ment will be required before an 
advanced turboprop (propfan) propulsion 
system can be flown on a new aircraft 
in the forseeable future. New propul- 
sion systems have typically taken a 
minimum of five to ' seven years to de- 
velop and demonstrate the readiness of 
a new-technology level. Currently, no 
program exists nor i3 any planned for 
in the near future to develop a large 
turboshaft engine and gearbox. 

One of the guidelines for this 
study was that the aircraft be designed 
consistent with 1985 technology readi- 
ness levels to permit an initial opera- 
tional capability in 1990. Strict 
adherence to this guideline was impos- 
sible because the main item of inter- 
est, the propfan propulsion system, 
will require a miracle to achieve 
technology readiness status by 1985 
because there is now less than the 
previously mentioned minimum of five 
years required for technology develop- 
ment and readiness demonstration. In 
many other related areas, too, the 
current levei of effort , or lack of 
effort, will have to change drastically 
to meet the 1985 date. 

In general, all efforts related to 
the development of propfan propulsion 
systems need to be accelerated so that 
the technology is available for appli- 
cation to the next generation of com- 
mercial aircraft, which should appear 
in the early 1990s. With its potential 
fuel savings, rapid development of the 
propfan propulsion system is in our 
national interest . Some specific tasks 
to be taken as part of that development 
are recommended , with no priority im- 
plied by the order of presentation. 

o Have engine manufacturer check per- 
formance and noise characteristics of 
the point design aircraft in this 
study . 

Typically, the point design air- 
craft have engines that are not the 


baseline turboshaft or turbofan study 
engines supplied by the manufacturer. 
Instead, they represent engines that 
are scaled in thrust and size from the 
baseline engines. Even though the 
scaling programs use accepted thermo- 
dynamic and engine cycle theory, they 
are not always able to account for 
material and manufacturing constraints . 
Because of the critical impact of 
engine noise and fuel consumption on 
the results of this study, confirmation 
by an engine manufacturer of the engine 
characteristics for the point design 
aircraft is recommended. 

o Consider alternate takeoff profiles . 

The noiseprints for the six 
selected aircraft are based on a take- 
off and climb procedure that is con- 
sistent with current commercial 
practice. Some of the sensitivity re- 
sults indicate that other takeoff and 
climb profiles should be investigated 
as a possible means of reducing the 
noiseprint area. Among the variations 
to be considered are: other takeoff 

flap settings; higher lift-off speeds; 
different sequences and initiation 
times for flap retraction; alternate 
levels and periods for cutback power; 
and other climb criteria, such as best 
rate of climb versus best gradient. 

o Investigate variable speed propeller 

Aircraft designs with low tip-speed 
propellers had the smallest noiseprint 
areas and highest operating costs, 
while' the opposite was true for designs 
with high tip-speed propellers. A 
design that has the propellers operate 
at low speed in close proximity to the 
ground and at high speed during cruise 
would provide the best features of each 
speed. An investigation is recommended 
to determine the feasibility of such an 
approach and to estimate the effects 
relative to the current study aircraft. 
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o Determine propeller/wing interference 
effects . 

Limited wind tunnel tests are 
planned on this subject as part of the 
NASA Advanced Turboprop Program. Addi- 
tional tests are needed not only for 
the base conditions of the planned 
tests but also for the propeller-re- 
iated characteristics identified as 
best in this study, that is, lower tip 
speeds, disk loadings, and cruise 
speeds. There is also a need to cor- 
relate the wind tunnel results with the 
predictions of existing analytical 
programs such as that developed by 
Lockheed. Programs whose predictions 
have been shown to correlate well with 
actual results permit excellent design 
latitude at minimal expense compared to 
repeated wind tunnel tests. 

o Initiate design studies of large-size 
turboshaft engines and gearboxes . 

Existing turboshaft engines and 
gearboxes are less than half the size 
of those needed by the selected air- 
craft in this study. Historically, it 
has taken longer to develop a new 
engine than a new aircraft, even when 
the technology for both is essentially 
in hand. Recognizing that the tech- 
nology for about a 15,000 kW (20,000 
hp) engine and its gearbox is def- 
initely not state of the art, we 
recommend that design studies be 
initiated immediately if the propulsion 
system is to be available for an air- 
craft that will begin initial operation 
in the early 1990s. 

o Establish what effect the propeller 
will have on the aerodynamic per- 
formance of a supercritical airfoil . 

Wind tunnel tests are recommended 
to determine if the propeller effect on 
the airflow will cause the benefits of 
the supercritical airfoil to be lost or 
degraded. If this occurs, then a 
structural weight penalty will be in- 
curred by having to go to a thinner 
airfoil to maintain the same drag level 


as for the supercritical airfoil. Or 
alternately, if the supercritical 
airfoil is to be retained to prevent a 
structural weight increase, then a drag 
penalty must be absorbed. 

o Analyze the effect of the propeller 
on the wing structure . 

The large diameter and/or high disk 
loading of the propfan will impart 
torsional loads into the engine attach- 
ment structure and wing structure that 
are higher than those of current turbo- 
prop aircraft. Simultaneously, the 
propfan is likely to introduce acoustic 
fatigue and different flutter effects. 
Theoretical analysis of the engine 
mounting structure and the wing are 
recommended to determine the amount of 
the additional structural weight that 
is required to accommodate the tor- 
sional loads, to account for the 
acoustic fatigue , and to suppress any 
flutter. No attempt was made in the 
current study to address these sub- 
jects. Consequently, the effects of 
the recommended studies need to be 
applied' to the selected aircraft to 
determine any performance degradation. 

o Determine desired noise levels and 
estimate airport noiseprint area 
limits . 

Currently, there are no data to 
suggest what represents a minimum or 
acceptable noiseprint area for any 
noise level at any airport. Assuming 
that continuous operation from airports 
is desired without curtailment due to 
excessive noise, studies will be re- 
quired to determine what constitutes 
acceptable noise levels and areas. 
There are two parts to this recommended 
effort. One is to determine what 
minimum noise level will disturb people 
asleep. The second part will require 
an analysis of existing airports to 
determine the size and shape of the 
area around each airport that will not 
be affected by continuous aircraft 
operation . 
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o Investigate applicability of selected 
aircraft to military usage . 

Dual civil and military use of an 
aircraft is usually beneficial because 
it decreases the unit cost by increas- 
ing the size of the production run. 
More importantly in this case, military 
interest in a propfan propulsion system 
should accelerate progress on its de- 
velopment. Currently, the Air Force is 
considering a C-X aircraft which could 
certainly benefit from the fuel savings 
and short field length advantages of 
the propfan system. 

The largest of the selected air- 
craft in this study carries a 
sufficient payload to be a candidate 
for a C-X type mission. To determine 
the applicability of the aircraft to 
this role will require a review of the 
C-X requirements and an assessment of 
the effects of any changes that may be 
needed to bring the aircraft into 
compliance with the requirements. 

The merits of applying the selected 
aircraft to Navy missions of patrol, 
anti-submarine warfare, and carrier 
on-board delivery also warrant 
attention . 



APPENDIX A. SYMBOLS AND ABBREVIATIONS 


SYMBOLS 



C 


D 


Swirl 




CGF 


Area 

Aspect Ratio 
Wing Span 

Coefficient of Drag 
Airframe Drag Coefficient 

Scrubbing Drag Coefficient 

Coefficient of Drag Based on Nacelle Frontal Area 

Swirl Drag Coefficient 

Wave Drag Coefficient 

Wing Profile Drag Coefficient 

Cost Factor for Geared-Fan Engine 


C 


L 


Lift Coefficient 


CP 


Power Coefficient, CP 


(ESHP/1000) 
2o(N/1000) 3 (D/10) 5 


CSF 


Cost Scale Factor for Engine 


CT 


Thrust Coefficient, CT = 


0.1518 (T/1000) 
a (N/1000) 2 (D/10) 4 


D 

d 

DENG 


Propeller Diameter 
Nacelle Maximum Diameter 
Engine Diameter 
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SYMBOLS 


DL 

DNAC 

ENGD 

ENGL 

ENGW 

ESHP 

e 

F 

F/L 

GR 

g 

H 

HPYL 

J 

K 

KI 

LCLEAR 

LENG 

LNAC 

LPYL 

LSP 

M 


Propeller Static Disk Loading 
Nacelle Diameter 
Engine Diameter 
Engine Length 
Engine Weight 

Equivalent Shaft Horsepower of Turboshaft Engine 
Span Efficiency Factor 

Propeller Tip-to-Fuselage Minimum Spacing 
Field Length Limit 
Gear Ratio 

Acceleration of Gravity 

Altitude 

Pylon Height 

V 

Blade Advance Ratio, J = — 

Nu 

Constant in Propeller Weight Equation 

Constant in Gearbox Weight Equation 

Clearance Length Between Propeller and Wing Quarter 
Chord Station 

Engine Length 

Nacelle Length 

Pylon Length 

Propeller Spinner Length 
Mach Number 
Effective Mach Number 


M 


0 


Free-Stream Mach Number 



SYMBOLS 


Am 

N 

OB 

p 

amb 

P 

std 

Q 

Q o 

Q 1 

r ref 

S IMM 


S WING 

T 

T 

T 

c 


TS 

V 

V 

APP 



Av 


Mach Number Increment 
Propeller Rotation Speed 
Octave Band 
Ambient Pressure 

Standard Day Pressure 

Dynamic Pressure 
Free-Stream Dynamic Pressure 

Dynamic Pressure Behind Propeller 

Reference Radius for Noise Measurement 

Wing Area Immersed in Prop Slipstream 

Nacelle Frontal Area 

Wing Area 

Tip Spacing Between Adjacent Propellers 
Engine Rated Thrust 
Thrust Coefficient 

Propeller Tip Speed 
Aircraft Velocity 
Approach Velocity 

Reference Velocity for Drag 

Free-Stream Velocity 

Local Velocity 

Aircraft Velocity over Takeoff Obstacle 
Safety Margin Applied to V^ 
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SYMBOLS 


W ENG 

Engine Weight 

W/S 

Wing Loading 

WT 

Weight 

wt gb 

• t • 

Gearbox Weight 

wt prop 

Propeller Weight 

y 

Flight Path Angle 

5 . 

amb 

Pressure Ratio, P amb /P STD 


Propeller Efficiency 

9 

Noise Emission Angle 

A 

Wing Sweep Angle 

P 

Density 

a 

Density Ratio 

SUBSCRIPTS 

B, b 

Baseline 

s 

Scaled 

ABBREVIATIONS 

AIP 

Aircraft Interference Program 

ALICE 

Aircraft Life-Cycle Cost Evaluation Program 

ANOPP 

NASA Aircraft Noise Prediction Program 

ATA 

Air Transport Associatioon 

BF 

Block Fuel 

BPR 

Bypass Ratio 

DOC 

Direct Operating Cost 



ABBREVIATIONS 


£ 3 • Energy Efficient Engine 

EPNdB Equivalent Perceived Noise In Decibels 

EPNL Equivalent Perceived Noise Level 

FAA Federal Aviation Administration 

FAR Federal Aviation Regulations 

FPR Fan Pressure Ratio 

FVR Fuel Volune Ratio 

ISA International Standard Atmosphere 

MOS Measure of Sensitivity 

NASA National Aeronautics and Space Administration 

PNL Perceived Noise Level 

PNLT Perceived Noise Level , Tone-corrected 

PNLTM Perceived Noise Level, Tone-corrected Maximum 

R&D Research and Development 

RH Relative Humidity 

SF Scale Factor 

SFC Specific Fuel Consumption 

SHP Power Level 

STOD Source To Observer Distance 

TF Turbo fan 

TP Turboprop 
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APPENDIX B. COSTING METHODOLOGY RELA- 
TIONSHIPS FOR PROPULSION SYSTEMS 

Lockheed's Aircraft Life-Cycle Cost 
Evaluation (ALICE) Model* was used to 
estimate the costs of the candidate 
aircraft in this study. The model 
generates both acquisition cost and 
direct operating cost (DOC). For* ‘the 
acquisition cost, the model uses a 
level of detail that provides design 
sensitivity effects that can not be 
realized through the use of typical 
parametric cost methods which use only 
aircraft physical and performance data 
as their cost base. In the ALICE 
model, each structural and functional 
subsystem is individually costed, and 
then all are added to obtain the 
aircraft acquisition cost. 

The methodology for determining the 
DOC uses the 1967 Air Transportation 
Association equations with the 
coefficients updated to the 1980 year 
level for this study. The only 
exception is in the area of maintenance 
where alternate methods, derived from 
experience, are used. 

Typical results from the model are 
included on Figures B-1 and B-2. The 
level of detail used to determine the 
acquisition cost is illustrated by 
Figure B-1 which lists the various 
subsystem costs and research and 
development items that contribute to 
aircraft flyaway cost. Elements that 
contribute to DOC are listed on Figure 
B-2. 

One of the objectives of this study 
is to compare the economics of aircraft 
with turboprop (TP) and turbofan (TF) 
propulsion systems for various noise 
levels. The validity of this 
comparison is dependent upon the 
relative similarity of the ground rules 

for the performance and co3t3 of the 

main independent variable - the 


* S. G. Thompson, "Aircraft Life-Cycle 
Cost Evaluation (ALICE) Model," LG77- 
ER0084, Lockheed-Georgia , April 1977, 
Revised March 1980 (Ref. 37) 


propulsion system. In regard to per- 
formance, both systems reflect equiv- 
alent technologies, design expertise, 
and goals of minimum fuel consumption. 
In the area of costs , the following 
relationships have been derived to be 
relatively compatible for the two 
systems. These equations assume that 
the typical initial production and 
operational problems have been cor- 
rected and that mature program levels 
have been reached. 

ENGINE ACQUISITION COST 

Engine prices are based on an 
assumed purchase in the commercial 
market, that is, the price is set by 
the engine manufacturer to cover both 
the production and development cost and 
does not include the use of a learning 
curve benefit as a function of produc- 
tion quantity. 

Turboprop Engine Cost 

The STS487 baseline TP engine is 
rated at 15.2 megawatts (20,424 shaft 
horsepower) , and its 1980 cost is 
estimated to be 2.16 million dollars. 
This cost includes the gearbox. For 
other sizes, the cost is adjusted as a 
function of the scaled engine power 
according to the relationship: 

CSF = 0.4 SF + 0.6 if SF - 1.0 

= 0.533 SF + 0.467 if SF < 1.0 

where CSF is the cost scale factor and 
SF is the ratio of the scaled power 
level to that of the base size. 

Turbofan Engine Co3t 

The STF477 baseline TF engine is 
rated at 117.87 kilonewtons (26,500 
pounds) of thrust, and its 1980 cost is 
estimated to be 2.03 million dollars. 
For other sizes, the cost is adjusted 
according to the same relationship as 
for the TP engine except that the ratio 
of scaled engine thrust to base size is 
used as the independent variable. A 


83 



NASA LANGLEY T UR BOPROP # 9 75-07550 , 04 -29-80 HACDAT/ STPFC9 


2 


CIVIL ACQUISITION COST 

WING 

TAIL 

BODY 

NOSE LANDING GEAR 
MAIN LANOING GEAR 
FLIGHT CONTROLS 
NACELLES 
PROPULSION 
ENGINE 

AIR INDUCTION 
FUEL SYSTEM 
PROPULSION MISC 
ENGINE CONTROLS 
FIRE EXTINGUSHING 
EXH/THRUST REV* 

LUBE SYSTEM 
PROPELLERS 
TOTAL PROPULSION 


SUMMARY 

5352708 *94 
1 2S45 34 *05 
5846947 *62 
I 24058 .84 
599720.87 
731894.47 
776766.95 


105426*33 

*00 

483875*16 
417507.25 
*00 
*00 
• 00 
*00 
• 00 


1006806*74 


INSTRUMENTS 

hydraulics 

ELECTRICAL 

AVIONICS IINSTL £ RACKS) 

FURNISHINGS 

AIR CONDITIONING 

ANTI ICING 

APU 

FINAL ASSEMBLY 
PROD FLIGHT 
LFC SURFACES 

lfc ducts 

SYSTEM INTEGRATION 


240506*34 
497130.82 
674449.89 
73099.50 
676465.11 
426919*07 
*00 
74391.39 
.00 
*00 
*00 
• 00 

1007898*28 


Figure B-1 * Typical Output from ALICE Program for Aircraft Production Cost 


TOTAL EMPTY MFG. COST 


19366299.75 


SUSTAINING ENGINEERI 2586739.6 2 

LFC SUCTION SYSTEM .00 

TECHNICAL DATA .00 

PROO. TOOLING MAINT* 2458106*94 

HISC* .00 

ENG CHANGE ORDER *00 

QUALITY ASSURANCE 1321813*48 

AIRFRAME WARRANTY 

AIRFRAME FEE 

AIRFRAME COST 

ENGINE WARRANTY 

ENGINE FEE 

ENGINE COST 

AVIONICS COST 

REACTOR ASSEMBLY 

NUCLEAR OUCTS 

HEAT EXCHANGERS 

RESEARCH C DEVELOPMENT 

TOTAL FLY AWAY COST 



R AND 0 



develop tech data 

373832U.50 


DESIGN ENGINEER. 

830736064.00 

95 

DEVELOP IOOLING 

422026452.00 

03 

DEVELOP TEST ARTICLE 

129130687.00 

31072548,00 

FLIGHT TEST 

30950038.00 

00 

SPECIAL SUPT EQUIP 

9968856*75 

00 

DEVELOPMENT SPARES 

61749994*00 

8976616*75 

ENGINE OE VELOPHENT 

• 00 

500000*00 

AVIONICS DEVELOPMENT 

*00 

.00 

REACT DEVELOPMENT 

*00 

.00 

TOTAL RED 

15219472: 

• 00 

LFC R £ 0 

• 00 

8696841*37 
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bypass ratio of 10.0 is close to the 
limit for an engine with a direct drive 
for the fan. For higher bypass ratios, 
a geared fan arrangement is required to 
limit engine noise. An additional cost 
has been included for this gearing, and 
it is calculated from the equation: 

CGF = 1.03.+ 0.015 (BPR - 10) 1 * 246 

where CGF is the gear factor cost which 
is applied to the base price, and BPR 
is the engine bypass ratio. 

ENGINE MAINTENANCE COST 


Maintenance costs are typically 
divided into two categories of material 
and labor. The projected 1980 labor 
rate used in this study is $13 per 
maintenance manhour and the overhead 
burden factor is 2. Other specific 
maintenance rates and costing 
approaches that were derived for the 
baseline engines follpwing consulta- 
tions with Pratt & Whitney are: 


Item 


Turbofan Turboprop 


Material Cost, 

$/engine fit hr 40.93 43.49 


Material Cost 
Scaling 


Proportional to 
engine cost scaling 
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Labor Rate, 



hr/engine fit hr 

0.8 

1.0 

Labor Rate Scaling 

SF 0 * 31 

SF 0 * 31 

where SF is the 

engine 

power scale 


factor. These material costs are in 
1980 dollars. The labor rate on the 
turboprop includes the gearbox. 

PROPFAN COST 


The propfan cost data are based on 
those in Reference 12 and supplemented 
by Hamilton Standard. For parametric 
studies, these data can be represented 
in equation form as a function of 
number of blades and propeller diam- 
eter. Specifically, the equations for 
the costs in 1980 dollars are: 
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6 Blades - 

Cost = $123,864 +'$2,382 D 
8 and 10 Blades - 

Cost = $123,864 + $5,240 D 

where D is the propeller diameter in 
feet. These are the comnercial prices 
and, as such, include . the development 
costs. 

PROPFAN MAINTENANCE COSTS 

Equations for the propfan material 
and labor maintenance were derived 
based on the data in Reference 12 and 
supplemented by Hamilton Standard . 

Material Cost 

Equations for the material costs in 
1980 dollars are a function of 
propeller diameter , D, in feet and the 
number of blades: 

6 Blades 

Cost ($/flt hr) = (0.31 + 0.020 D) 

8 and 10 Blades - 

Cost ($/flt hr) = (0.37 + 0.020 D) 
Labor Rate 

Similar equations were derived as a 
function of propeller diameter, D, in 
feet and the number of blades for the 
labor rates in terms of manhours per 
engine flight hour: 

6 Blades Labor Rate = 0.000735 D 

8 Blades Labor Rate = 0.000755 D 

10 Blades Labor Rate = 0.000785 D 


APPENDIX C. PARAMETRIC NOISE 
PREDICTION METHODOLOGY 

Lockheed's EPNL (Equivalent Per- 
ceived Noise Level) Prediction Program* 
is intended for detailed aircraft point 
designs, and as such, it requires ex- 
tensive input to fully describe the 
aircraft. Because of the amount of 
input data and the actual run time of 
the program, it becomes impractical and 
too expensive to exercise the program 
to predict noise levels for the large 
number of aircraft that are usually 
considered in a parametric study. To 
alleviate these problems, Lockheed,** 
as part of its independent research and 
development studies, used the EPNL 
Prediction Program to develop 
simplified parametric methods for 
predicting the noise and footprint 
areas for turboprop and turbofan 
powered aircraft. 

Prior experience with aircraft 
noise prediction has shown which 
parameters have the greatest influence 
on noise levels. Those parameters most 
pertinent to this study are listed in 
Table C-I along with ranges of values 
that are commensurate with the aircraft 


* A. P. Pennock, "EPNL Prediction 

Program," LG78ER0211, Lockheed- 
Georgia, September 1978 (Ref. 28) 

** N. Searle , "A Parametric Method for 

Predicting the Far-Field Noise and 
Footprint Area for Propfan-Powered 
Aircraft," LG79ER0163, Lockheed- 
Georgia, October 1979 (Ref. 29) 

N. Searle, "A Parametric Method for 
Predicting the Far-Field Noise and 
Footprint Area for Turbofan-Powered 
Aircraft," LG80ER0023, Lockheed- 
Georgia, January 1980 (Ref. 30) 
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Table C-I. Parameters and Ranges of 

Values for Simplified Noise 
Prediction Methods 


for turbofan engines 

BYPASS RATIO 5.3, 8.4, 13.0, 18.0 


sizes. Noise levels of aircraft with 
various combinations of these para- 
meters were predicted with our EPNL 
program, and then, regression analyses 
were applied to the results to form 
algorithms that are suitable for pre- 
dicting aircraft noise in a parametric 
study. Recognizing that the value of 
the resulting simplified method is de- 
pendent upon the level of sophistica- 
tion of the program on which it is 
based, the following review of the EPNL 
Prediction Program is provided for the 
reader's benefit. 

EPNL PREDICTION PROGRAM 

Aircraft noise is a combination of 
the noise levels emitted by various 
propulsion system elements and by the 
aircraft aerodynamic features. The 
most significant propulsion system 
noise sources are the propeller or fan 
and the engine compressor, turbine, 
core (combustor), and jet turbulent 
mixing. These components give rise to 
discrete-frequency and broadband noise 
sources, each of which has a unique 
directionality and parameter depen- 
dence. Each source, therefore, re- 
quires its own prediction methodology. 


The methods used in the EPNL Pre- 
diction Program for each engine source 
have been used in previous studies^, 
and are very similar to those used in 
the NASA ANOPP (Aircraft Noise Pre- 
diction Program) code. These methods 
and the way the predictions are com- 
bined to predict EPNL are described 
briefly in the following sections. 

* i • 

Fan Noise 

The method for predicting fan noise 
is based on that presented by Heidmann* 
and recommended for use by the NASA 
ANOPP office. It explicitly predicts 
radiated noise in terms of the broad- 
band, discrete- tone, and multiple-pure- 
tone components. Based on comparisons 
of predictions with measured CFM56 data 
from General Electric and STF477 engine 
predictions by Pratt & Whitney, the 
method was modified slightly to correct 
over-predictions on the contribution of 
the multiple-pure-tone components . 

Propeller or Propfan Noise 

• The method used to predict this 
noise source was developed by Hamilton 
Standard**. It predicts the propeller 
noise components, which include loading 
noise from steady and non-steady blade 
forces, thickness noise, and broadband 
noise. Inputs for running this method 
are propeller diameter, power and/or 
thrust, tip speed, number of blades, 


A G. Swift and P. Magnur , "A Study of 

the Prediction of Cruise Noise and 
Laminar Flow Control Noise Criteria 
for Subsonic Air Transports,” NASA 
CR-159104, -159105, Lockheed- 

Georgia, November 1979 (Ref. 31) 

* M. F. Heidemann, "Interim Pre- 

diction Method for Fan and Com- 
pressor Source Noise," NASA TMX 
71763, June 1975 (Ref. 32) 

** "V/STOL Rotary Propulsion System 

Noise Prediction and Reduction," 
FAA-RD-76-49 , Hamilton Standard 
Division of United Technologies, 
May 1976 (Ref. 33) 


TURBOSHAFT ENGINE 
RATED POWER 

3730 - 22,380 KW 

(5000 - 30,000 HP) 

TURBOFAN ENGINE 
RATED THRUST 

26,689 - 333,615 N 

(6,000 - 75,000 L8) 

PERCENT POWER SETTING 

.40 - 100 


AIRCRAFT FORWARD SPEED 

51 - 206 M/S 

(100 - 400 KT) 

SOURCE-TO-OBSERVER 

DISTANCE 

305 - 9144 M 

(1000 - 30,000 FT) 

NUMBER OF ENGINES 

2, 4 


PROPELLER FOR TURBOSHAFT ENGINES 


NUMBER OF BLADES 

6, 8, 10 


TIP SPEED 

204 - 256 M/S 

(670-840 FPS) 

NOMINAL DISK LOADING 

281 - 640KW/M 2 

(35 - 80 HP/FT 2 ) 


j 


87 



and forward speed. Output is in the 
form of one-third octave-band spectra 
at 0.17-rad (10-deg) increments from 

0.35 to 2.79-rad (20 to 160-deg) 

azimuth. 

Hamilton Standard also has a more 
advanced proprietary method for pre- 
dicting far-field noise. This advanced 
method (frequency domain program) eval- 
uates propeller noise sources in the 
form of monopole, dipole, and quad- 
rupole (non-linear) distributions which 
make the influence readily discernible 
of such blade design features as sweep, 
camber, twist, and thickness. Hamilton 
Standard used this advanced method to 
produce data for developing corrections 
to the method currently used in the 
Lockheed program. 

Compressor Noise 

32 

A NASA method is used to predict 
compressor noise. The procedure is 
adaptable to both compressor .and fan 
noise, and explicitly predicts radiated 
noise in terms of the broadband, dis- 
crete-tone, and (where applicable) com- 
bination-tone components . Results of 
the method have been correlated with 
the types of engines expected to be 
developed for the 1985-1990 time 
period . 

Turbine Noise 

Turbine noise predictions are in- 
cluded although this noise does not 
present a serious problem due to its 
relatively high frequency. The method 
is that developed by General Electric** 
under FAA contract. This method re- 
quires only limited description of the 
engine internal design, and it has been 
shown to correlate well with turbines 
of current engines and those envisioned 
for the near future. 


** R. K. Matta , G. T. Sanduski , and V. 
L. Doyle, "GE Core Engine Noise In- 
vestigation - Low Emission 
Engines," FAA-RD-77-4, General 
Electric, 1977 (Ref. 34) 


Combustor Noise 

Combustor noise is a broadband, 
low-frequency source which is radiated 
out of the exhaust duct and is usually 
centered around 400 Hertz. In the case 
of propeller-powered aircraft, this 
source is likely to be buried by the 
low-frequency propeller noise, in which 
the blade fundamental and harmonics 
usually cover the range from 100 to 500 
Hertz, and by the broadband noise which 
is usually centered around 400 to 500 
Hertz. However, this component is 
included because the relative levels of 
propeller and combustor noise were not 
known at the beginning of this study. 

The method used for predicting com- 
bustor noise was developed by General 
Electric . It has been shown to give 
results that are in good agreement with 
measured data for several current 
engines . 

Exhaust Jet Turbulent Mixing Noise 

The magnitude of turbulent mixing 
noise from the exhaust jet is dependent 
primarily upon the aircraft forward 
speed, the effluent velocity and 
temperature, and the jet diameter. 
These and other parameters are input to 
a NASA developed method* which is used 
to predict jet noise. The method is 
based on jet noise theory, test data, 
and existing prediction methods. 
Experimental data over a wide range of 
test conditions have been shown to 
verify the method, which is very 
versatile in that conical, plug 
coaxial, and slot nozzles can all be 
accommodated . 

Airframe Aerodynamic Noise 

The method for predicting airframe 
noise was developed based on a United 


* J. R. Stone, "Interim Prediction 
Method for Jet Noise," NASA TMX 
71618, 1975 (Ref. 35) 
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Technologies Research Center study** 
and includes separate routines for 
wing, empennage, flap, and landing-gear 
noise. The method uses empirical 
equations to predict the spectra and 
directivity of the various aerodynamic 
sources. Propeller slipstream and flap 
interaction noise, which is suspected 
to have considerable influence on large 
propeller-powered aircraft, is address- 
ed by applying slipstream velocity 
effects to the flap noise prediction 
routine. 

EPNL Calculation 

The EPNL Prediction Program com- 
bines the noise spectra for the various 
noise sources along the aircraft flight 
profile to obtain the EPNL at points on 
the ground below the aircraft . The 
procedure followed involves a number of 
steps . 

For a specified set of aircraft 
parameters, each of the noise predic- 
tion routines is exercised to predict 
airframe, propeller or fan, and engine 
components (jet, core, turbine, and 
compressor) sound pressure levels. 
These levels are predicted as one-third 
octave band (1/3 OB) spectra over a 
range of angles, measured relative to 
the engine axis, at some reference 
radius. As the aircraft is flown along 
the input flight profile, positions are 
reached such that if the lines defined 
by each angle are extended radially 
they will impinge on the observer , as 
indicated in Figure C-1. At the in- 
stant when impingement occurs for a 
particular angle, the noise spectrum 
for that angle is projected out the 
appropriate source-to-observer distance 
(STOD) between the aircraft and the 
observer on the ground, taking into 
account spherical divergence and 
atmospheric absorption. This step is 
repeated for each angle so that a 1/3 
OB time history is obtained for each 
noise source (airframe, propeller or 


** M. R. Fink, "Airframe Noise 
Prediction," FAA-RD-77-29, United 
Technologies Research Center, March 
1977 (Ref. 36) 


fan, and engine components) as the air- 
craft overflies the observer. These 
1/3 OBs are then added to obtain the 
total noise time history from all 
sources. Subsequently, perceived noise 
levels (PNLs) and tone -corrected PNLs 
(PNLTs) are computed as a function of 
time, similar to that shown in Figure 
C-2. Next, the EPNLs are calculated 
from the total aircraft PNLT-time 
history, consistent with the FAR 36 
guidelines. 

SIMPLIFIED HETHODOLOGT FOR TURBOPROP 
AIRCRAFT NOISE PREDICTION 

The EPNL Prediction Program was 
used to generate EPNLs for a given 
aircraft with a matrix of the propeller 
parameters: tip speed, disk loading, 

and number of blades. Subsequently, a 
least squares regression analysis of 
the EPNL values provided the basic al- 
gorithms for calculating EPNLs in para- 

POS1TION AT 



Figure C-1 . Noise Spectrum Angularity 
Relationship to Noise 
Level Measurement at the 
Observer 



Figure C-2. Typical PNL - Time History 
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metric aircraft sizing studies. These 
basic equations predict EPNL as a 
function of tip speed and sea-level- 
rated disk loading for 6, 8, and 10 

propeller blades. Secondary equations 
were then developed to account for var- 
iations from the baseline conditions of 
100 percent power, 9142 kW (12,255 hp) , 
82 m/s (160 kt) forward speed, a 
source-to-observer distance (or alti- 
tude) of 305 m (1000 ft), and 2 
engines. Figures C-3 through C-8 
illustrate the basic EPNL predictions 
and the adjustments required for varia- 
tions from the base codes. 

Figure C-4, which shows noise 
attenuation with distance, contains an 
apparent anomaly for which there is an 
explanation. Typically, the high- 
frequency noise associated with high 
tip speeds is attenuated more rapidly 
with distance than the low-frequency 
noise from low tip speeds. Just the 
opposite trend is evident in Figure 
C-4, which shows greater reductions for 
the lower tip speeds. This apparent 
anomaly is the result of two effects. 
First, the sound pressure level of the 
blade passing frequency is substan- 
tially lower for the lower tip speed 
noise sources, thereby causing the 
high-frequency broadband component to 
be a proportionately greater contri- 
butor to the overall sound pressure 
level spectrum. This high-frequency 
broadband component is attenuated more 
rapidly with distance than the low- 
frequency component with the result 
that the low tip speed noise source is 
attenuated faster than the high tip 
speed noise source. Second, the Noy 
tables, which are used in computing the 
PNLs from the 1/3 OB spectra, are 
formulated in such a way that the Noy 
value associated with the blade passing 
frequency of the low tip speed noise 
sources decreases quicker with 
distance, even though the sound 
pressure level itself does not decrease 
as fast. This causes the PNL and the 
EPNL to decay faster with distance be- 
cause the Noy value associated with the 
blade passing frequency is the major 
contributor to PNL. 





Figure C-3. Baseline EPNL Predictions 
for Turbo props 
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6 BLADES 


ALTITUDE, 1000 M (FT) 
, 0.305 (I) 


6 BLADES 



3 BLADES ALTITUDE, 1000 M (FT) 



10 BIAOE5 ALTITUDE, 1000 M (FT) 



Figure C-4. Altitude Corrections for 
Turboprops 



0 100 200 300 400 500 KT 

AIRCRAFT SPEED 

Figure C-6. Forward Speed Corrections 
for Turboprops 


TIP SPEED 
MPS fps 

204 470 

229 750 

254 840 



3 BLADES 




Figure C-5. Power Corrections for 
Turbo props 



Figure C-7. Correction for Turboprop 

Engine Power Level Scaling 


4 , 



Figure C-8. Correction for Number of 
Turboprop Engines 


The propfan noise prediction rou- 
tine used by Lockheed i3 designed for 
use in cases with relative propeller 
tip Mach numbers below 0.9. However, 
the combination of a cruise Mach number 
of 0.8 and rotational tip speeds as 
high as 256 m/s (8M0 fps) , exceeds the 
program limits for accurate prediction. 
To provide valid predictions at rela- 
tive tip Mach numbers above 0.9* a cor- 
rection was derived with the assistance 
of Hamilton Standard. This involved in- 
putting a matrix of points to both the 
Lockheed and Hamilton Standard propfan 
prediction programs, of which the 
latter is unencumbered by speed limits. 
The two sets of predicted propfan spec- 
tra obtained from these programs were 
then exercised through the EPNL Predic- 
tion Program along with the other noise 
component predictions. Based on a com- 
parison of the results, equations were 
devised for correcting the EPNL predic- 
tions at relative tip Mach numbers ex- 
ceeding 0.9. This correction is 
presented graphically in Figure C-9. 

Aircraft flight path angle has a 
negligible effect on the predicted EPNL 
and is not included in the routine. 
This conclusion is drawn from exper- 
ience and from an examination of 
several cases representative of the 
range of study parametric variables. 
The results for one of these cases (a 
2-container payload and a cruise Mach 
number of 0.6) are included in Figure 
C-10. As shown, variations in the 
flight path angle up to 0.12 rad (7 
deg) produce less than a 0.1 decibel 
change in the predicted EPNL. Note 


that while flight path angle is not, 
included in the predicted EPNL at a 
given point on the ground , the angle is 
accounted for in calculating the noise 
footprint area for a given noise level. 



Figure C-9. Correction for Helical Tip 
Mach Number 



FUGHT PATH ANGLE, I 

y t haq (OEG) 0.017(1) 0.052 (3) 0.037(5) 0.122 (7) ) 


EPNL PREDICTIONS, EPNdB 


ANALYTICAL METHOD 

94,77 

94.78 

94.80 

94.84 

VARIATION FROM 

BASELINE, A EPNL 

0 

-0.01 

-0.03 

-0.07 


Figure C-10. Effect of Flight Path 
Angle on Noise 
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An indication of the accuracy of 
the simplified noise prediction method 
is presented in Table C-II. Noise 
levels predicted by the simplified 
method and by the EPNL Prediction 
Program are listed for two aircraft 
point designs at the ends of the 
parametric study spectrum. Cases 1 and 
2 are for takeoff and approach of a 
4-engine aircraft carrying a 
6-container payload at a cruise Mach 
number of 0.8. Cases 3 and 4 are 
similar for a 2-engine aircraft carry- 
ing a 2-container payload at a cruise 
Mach number of 0.6. Note that there is 
less than a 1.0 EPNdB difference 
between the predictions of the two 
methods. 

SIMPLIFIED METHODOLOGY FOR TURBOFAN 
AIRCRAFT NOISE PREDICTION 

A simple method for predicting the 
noise of turbo fan-powered aircraft was 
developed following the same approach 
as that described in the preceding 
section for turboprop-powered aircraft . 
The EPNL Prediction program was used to 
generate EPNLs for a given aircraft 
with variable engine parameters of 
bypass ratio and percent power setting. 
A least squares regression analysis was 
applied to those EPNL values to obtain 
the basic algorithm for predicting the 
noise of turbofan-powered aircraft. 
Secondary equations were subsequently 
derived to account for variations from 
the baseline conditions of 82 m/s (160 
kt) forward speed, a source-to-observer 
distance (or altitude) of 305 m (1000 
ft), and 2 engines. Equations were 
also developed for scaling the engine 
from its base size. This required a 
separate equation for each bypass ratio 
because, with a common engine core, 
there are different thrust levels for 
the baseline engine at each bypass 
ratio. These baseline thrusts are 
listed in Table C-III. The basic noise 
prediction algorithm and those for 
providing corrections are presented 
graphically in Figures C— 1 1 to C-15. 


Table C-II. Comparison of Noise Pre- 
diction Methods 


CASE 

I 2 

3 

t 

4 

NUMBER OF CONTAINERS 

6 


2 


CRUISE MACH NUMBER 

0.8 


0.6 


PROPELLER 





NUMBER OF BLADES 

10 


6 


TIP SPEED, MPS (FPS) 

256 (840) 


204 (670) 


NOMINAL DISK LOAD, 
KW/M2 (HP/FT2) 

640(80) 


281 (35) 


RATED ENGINE POWER, KW (HP) 

9554 (12,807) 

6426 (8614) 


NUMBER of engines 

* 


2 


operational mode 

TAKEOFF APPROACH 

TAKEOFF APPROACH 

PERCENT POWER 

100 

11.3 

. 100 

12.3 

ALTITUDE OVER OBSERVER, M(FT) 

462 (1515) 

122 (400) 

467 (1533) 122 (400) ) 

EPNL PREDICTIONS, EPNdB 




t 

1 

SIMPLE METHOD 

100.25 

100.78 

90.68 

93.75 

EPNL PREDICTION METHOD 

100.04 

101.35 

91.04 

92.79 

A EPNL 

0.21 

-0.57 

-0.36 

0.96 

— 


Table C-III. Rated Thrust of Baseline 
Turbofan Engines 


BYPASS RATIO 

BASELINE RATED THRUST 
NEWTONS POUNDS 

5.8 

103,376 

23,240 

8.4 

118,100 

26,550 

13.0 

144,010 

32,375 

18.0 

167,786 

37,720 
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APPENDIX D. PROPFAN AERODYNAMIC 
INSTALLATION EFFECTS 


Aerodynamic installation effects 
that can be directly attributed to the 
propfan propulsion system include the 
following: 

o engine nacelle/wing installation 
o induced drag 

o scrubbing drag on cruise and takeoff 
o swirl drag 
o drag divergence 

There is very little test data 
available on propeller/propfan and wing 
interactions for the operating and 
design conditions of this study. 
Hence, it will be necessary to rely 
upon theoretically derived influences 
or use judgement to assess the effects 
of the interactions. The validity of 
these theoretical answers will remain 
in abeyance until sufficient test data 
are amassed to confirm the theory. 

ENGINE NACELLES/WING INSTALLATION 

The installation of a propfan 
nacelle on a wing causes an increase in 
drag and a loss in lift at constant 
angle of attack. The drag increase in 
the subsonic speed regime is comprised 
of a nacelle form drag and a drag 
penalty due to alteration of the span- 
load distribution, or induced drag. In 
the transonic regime, an additional 
drag penalty is incurred due to an in- 
crease in the wave or shock drag 
associated with recovering the lift 
loss. Form drag penalties due to aero- 
dynamically-shaped nacelles can be 
reliably estimated using classical 
methods; however, the effects of the 
lift loss and an attendent change in 
the spanload distribution which affects 
the induced drag are more difficult to 
assess. Consequently, a combination of 
experimental and theoretical data are 
used. For example, Figure D-1 is a 
summary of the nacelle lift and drag 
increments from two separate experi- 
mental tests on a C— 1 30 aircraft. Data 


are shown under two speed conditions. 
Note that the nominal drag penalty is 
20 counts for the four C— 1 30 nacelles, 
which results in a drag coefficient, 
based on frontal area- of 0.067 -for a 
frontal area of 1.2 in (12.98 ft ) per 
nacelle full-scale. The nominal lift 
loss is 0.08 for four nacelles or 0.02 
per nacelle. 


NACELLES 


FAIRED W/O SPINNER 


1/15 SCALE 

S - 0.0054 M 2 (8.313 IN 2 ) 
l - 0.51 M (20 IN) 
d m OX “ 0.083M (3.25 IN) 


L/d 


•6.15 


C n -0.0020 



MD U— ' 



a - LAI 201 LOW SPEED 
® - IAL 205 HIGH SPEED (M - 0.5) 





0.2 


0.4 0.6 

UFT COEFFICIENT 


- 0 . 002 *- 


ANGLE OF ATTACK, RAD (DEG) 
-0.07 (-4) 0 0.07 (4) 

0 | — * — * — I — ’ » ’ > 



- 0 . 2 l 


Figure D-1. C-130 Nacelle Drag and 

Lift Effects 


In this study, the nacelle 
installation drag is estimated using a 
drag coefficient of 0.067, based on the 
nacelle frontal area. The effect of 
the nacelle installation on a swept- 
wing configuration for the higher 
cruise speeds is not defined with 
experimental data, but it is assumed 
that the same installation drag can be 
achieved as for the straight-wing 
C-130. The engine performance package 
(thrust and fuel flow) includes the 
nacelle drag; consequently, it is not 
included in the airplane drag buildup. 
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INDUCED DRAG 


SCRUBBING DRAG 


The presence of the engine nacelles 
on the wing affects the spanload dis- 
tribution, causing an increase in 
induced drag. Based upon data from 
Lockheed's C-130 Aircraft Interference 
Program (AIP), the addition of the 
nacelles causes an increase in induced 
drag of three percent. The effect of 
the nacelles on the lift and spanload 
distribution is shown in Figure D-2. 
Both experimental and theoretical data 
are included . 


EX PER THEORY 

WING • ■ ■ 

WING ♦ NACELLES • 




ANGLE OF ATTACK, RAD (DEG) 

(o) EFFECT OF NACELLES ON LIFT CURVE (b) EFFECT OF NACELLES ON SPAN-LOAD 

DISTRIBUTION 


Figure D— 2. Effect of Nacelles on 
C-130 Wing 


For the design condition of this 
study, the span efficiency factor is 
decreased three percent for the propfan 
aircraft relative to the turbofan air- 
craft. The resulting span efficiency 
factor, e, for the propfan aircraft is 
then 0.92. This value is derived based 
on the 0.95 efficiency factor for the 
turbofan-powered C-5 and C-141 air- 
craft. 


The scrubbing drag on the wing , 
caused by the increased velocity 
through the propfan, is calculated 
using classical momentum methods and is 
assumed to affect only that part of the 
wing immersed in the slipstream. 
Scrubbing drag penalties are included 
for both takeoff and cruise conditions 
with the latter being nominally two to 
three drag counts. Derivations of the 
equations applicable for these two 
conditions follow. 


Cruise 


The drag due to scrubbing during 
cruise ( C Dp ) is computed in the 
following manner: 


C DP = D WP 2 S IMM Q/(Q o S WING } 


where 

C 

D wp = Wing profile drag 

S-. n . = Wing planform area immersed 
IMM . - . , 

m prop slipstream 


Q 

Q 

Q 


0 

1 


To find 


T 

c 


a 


b 

X 


= Free-stream dynamic pressure 

= Dynamic pressure behind prop 
at wing quarter chord 



= Thrust/ (2 Q D 2 ) 
o 

= 0.5 [(1 + 8 T c /m-) 1/2 - 1] 

= a [1 + X/(D 2 /4 + X 2 ) 172 ] 

= Distance from prop plane to 
wing quarter chord 


V, = V (1 + b) 

1 o 

Q 1 = V^/295 

D = prop diameter 
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Takeoff 


The drag due to scrubbing during 
takeoff and initial climb is calculated 
in the following manner. Using the 
methodology of Smelt and Davies*, a 
drag equation may be developed of the 
form: 

D 3 = Drag (V 2 , - V 2 Q )/» ref 2 
where 

D = Additional drag due to prop 
slipstream 

Drag = Profile drag on wing area 

affected by prop slipstream 

at T = 0 and V _ 
c ref 

V Q = Free-stream velocity 

= Local velocity at wing 
quarter chord 

V « = Reference velocity at which 
Drag is computed 

This can be rewritten as 

D s =4 Drag V 2 Q a (1 + a)/V ref 2 


Assuming that the central third of 
the prop is ineffective for slipstream 
drag effects, then 

A eff =7r/4 CD 2 - (D/3) 2 ]' = 2 ttD 2 /9 
Thus , 

a (1 + a) = T/(4 <7r pV 2 0 D 2 /9) 


Substituting this expression into the 
equation for drag gives, 

D g = Drag T/(V ref 2 ^ p D 2 /9) 

For wing-mounted engines, 

Drag = C * Q S . 
s D wing 


where 


0^* = Drag coefficient of 
inmersed components 


or 

Thus , 


C D* = C D S IMM /S wing 

Dg = 4.0856 T C D S IMM /(CD 2 ) 


where 

V « a V* (1 + 2a; from 
momentum theory. 


Also, from momentum theory: 


Thrust = T s 2 A V a (1 + a) 


where 


A = D /4 


where a is the density ratio. 

This method produces thrust losses 
of approximately 10 to 12 percent for 
the propfan configurations, the primary 
driving function being the profile 
drag. Previous Boeing studies 1 assume 
losses as high as 13 percent for take- 
off, while C-130 performance studies 
assune losses of approximately eight 
percent . 


P = density 


SWIRL DRAG 


Smelt and Davies, "Estimation of 
Increase in Lift Due to Slip- 
stream," RAE R&M No. 1788, British 
A.R.C., 3 February 1937 (Ref. 38) 


The only recent quantitative data 
on swirl effects on supercritical wings 
in the transonic speed regime are in 
the MSA-Douglas Wind Tunnel Test Re- 
port . The drag increments extracted 
from this test are strongly a function 
of both the magnitude and direction of 
the swirl. From the Hamilton Standard 
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12 

propfan data , the swirl angle is 
approximately 0. 12 rad (7 deg) at the 
cruise disk loading and Mach number for 
best performance, compared to a swirl 
angle of 0.017 - 0.052 rad (1-3 deg) 
for the C-130. Even though the data in 
Reference 13 is highly inconsistent, 
the drag identified with the 0.12 rad 
(7 deg) swirl angle is' used until the 
transonic modeling of swirl effects can 
be completed. At this angle, the test 
data of Reference 13 show a drag incre- 
ment of 5 counts for positive swirl 
angles (up inboard rotation) and 9.5 
counts for negative angles (up outboard 
rotation). Therefore, a 2-engine con- 
figuration will have values of 10 
counts and 19 counts for positive and 
negative swirl angles. Because 
counter-rotating propellers require 
separate gearboxes and adversely affect 
acquisition costs and spares, only one 
rotational direction is used in the 
study. The resulting drag penalty for 
a 2-engine configuration, then, is 14.5 
counts. Normalizing the value for use 
in the parametric sizing program and 
assuming that swirl drag is a function 
of propeller diameter and wing span 
(b), the following equation applies for 
a 2-engine configuration: 


C 


D Swirl 


0.00145 x (D/b) 
(D/b) Ref 


With (D/b) Ref = 0.1167 for the Ref- 


erence 13 model, the swirl drag equa- 
tion reduces to 


C 


D 


Swirl 


= 0.01243 (D/b) 


DRAG DIVERGENCE 


The increase in local effective 
free-stream Mach number caused by the 
introduction of a velocity increment 
through the propeller produces a slight 
decrease in drag divergence. At the 
present time, no suitable experimental 
data base exists for the quantification 
of the drag divergence penalty. As a 
result, a theoretical/empirical 


approach is required to define the 
effect. Subsonically , this effect re- 
sults in an increase in drag determined 
primarily through a scrubbing drag pen- 
alty; however, transonically, the shock 
strength and location can be expected 
to change. An approach for assessing 
the drag divergence penalty is: 


(1) Determine the incremental Mach 
number through the propeller. The 
effective Mach number that the 
portion of the wing inmersed in the 


slipstream feels is: 

AM. 


M 


EFF 


= M, 


(2) Having determined the effective 
Mach number, compute the incre- 
mental wave drag, using 2-dimen- 
sional transonic codes , between M n 

and (M_ + AM). Call this °D tr . U 

0 w 

(3) Area weight the wave drag increment 
to the complete wing at the design 
Mach number. 

AC D = C DW S IMM /S WING 

(4) In the event that the actual drag 
divergence Mach number increment is 
required, several Mach numbers can 
be considered using Steps 1 - 3 to 
define C_ vs Mach number, with and 
without the propeller. 

13 

The NASA-Douglas test data effec- 
tively include a drag divergence pen- 
alty at the design Mach number. There- 
fore, no separate item is included. 


SUMMARY OF EFFECTS ON TYPICAL AIRCRAFT 


The magnitude of propeller in- 
stallation effects are illustrated for 
the No. 1 Compromise aircraft, as an 
example. 
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Design Condition 

• 

• 

Mach Number = 

0.75 

Range = 

4250 km (2295 n. mi.) 

Payload = 

13,600 kg (60,000 lb) 

Altitude = 

10.1 km (33,000 ft) 

Engines = 

2 

Aircraft : 

P P 

Wing area = 

131.8 m (1419 ft ) 

Wing span = 

39.6 m (130 ft) 

Prop diameter = 

5.6 m (18.5 ft) 

Takeoff disk 
loading = 

402 kW/ra 2 (50 hp/ft 2 ) 

Drag Coefficient 

Sumnary: 

Aircraft 

without 

propulsion = 

0.02796 

Scrubbing = 

0.00018 

Induced = 

0.00030 

Swirl s 

0.00176 

(Nacelle = 

0.00216 Recorded as 

thrust reduction) 

Total for Propulsion: 0.00224 

Aircraft Total: 

0.0302 

Installation Effects: 

Without nacelle 

s °-~ 22 ~ x 100 = 7.4? 

With nacelle 

O'. 0302 

0.00224 + 0.00216 
‘ 0.0302 + 0.00216 


= 13 . 6 ? 


APPENDIX E. TURBOPROP PROPULSION 
SYSTEM DATA AND ANALYSIS 


Performance data for the turboprop 
propulsion system were developed ^|>ased 
on the Hamilton Standard propfan and 
the Pr^tt & Whitney STS487 turboshaft 
engine^ . To cover the wide range of 
performance design variables of this 
study, Hamilton Standard produced 
additional propfan data that are 
included in the propulsion system 
performance. Both Pratt & Whitney and 
Hamilton Standard are commended for 
their assistance in providing data and 
guidance during the development of the 
data base for the turboprop propulsion 
system. 


PROPFAN DATA BASE 


The use of 6, 8, and 10-blade 

propfans is investigated in the 
parametric sizing study for a variety 
of tip speeds, blade diameters, and 
engine power levels. These propfans 
have advanced thin airfoils with a 
design lift coefficient of 0.21. The 6 
and 8-blade versions have an activity 
factor per blade of 230, while the 
10-blade model has the same total 
activity as the 8-blade propeller; 
thus, the 10-blade model has an 
activity factor per blade of 184. 

Performance data for these propfans 
are tabulated in Reference 12 in terms 
of power coefficient (CP) and thrust 
coefficient (CT) for series of values 
of advance ratio (J) and Mach number. 
These data ha^g been combined graphic- 
ally by Stone* 1 with additional values 
that were calculated by Hamilton 
Standard for this study. The resulting 
performance characteristics for a 
10-blade propfan are shown in Figures 
E-1 to E-7 as a typical set from the 
data base. Note on Figures E-1 and E-2 
that the thrust coefficient reaches a 
maximum and then decreases with further 
increases in power coefficient for 
several low values of the advance 
ratio. This decrease in thrust 
coefficient is due to propeller blade 
stall. As power is increased, the 
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NET THRUST COEFFICIENT H* NET THRUST COEFFICIENT 



ADVANCE RATIO 



inn 



NET THRUST COEFFICIENT 


0.8 



POWER COEFFICIENT 

Figure E-5. Propfan Performance - 10 
Blades, Mach = 0.70 



POWER COEFFICIENT 


Figure E-6. Propfan Performance - 10 
Blades, Mach = 0.75 



0 0.5 1.0 1.3 2.0 2.5 


POWER COEFFICIENT 

Figure E-7. Propfan Performance - 10 
Blades, Mach = 0.80 


speed control increases blade pitch to 
maintain a constant tip speed. For con- 
tinued power increases, blade pitch is 
increased past its stall angle, result- 
ing in decreasing thrust coefficients. 
The thrust coefficients would normally 
go negative for the range of power co- 
efficients shown, except that they were 
arbitrarily restricted to remain non- 
negative. 

The propeller weight information, 
which is presented graphically in 
Reference 12, includes the weight of 
the blades, the pitch change mechanism, 
and the spinner. To use this informa- 
tion in the computer program, equation 
(El) was derived to fit the predicted 
propeller weight curves. 

WT PR0P = 

K (D/D ) 3 (DL/DLg) U ° (TS/TSg) U,:i 
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where : 

D is the propeller diameter, m(ft), 

D R is a baseline propeller diameter of 
4.57 m (15 ft) , 

DL is the propeller static disk 

loading, power/ area, 

DL R is a baseline disk loading of 401.5 
kW7m 2 (50 hp/ft 2 ) , 

TS is the propeller tip speed, m/s 
(ft/s), 

TS R is a baseline tip speed of 244 m/s 
(800 ft/s) , 

K is a constant with values of: 

K = 720.88 kg (1589.27 lb) for 10 

blades 

K = 833.37 kg (1837.28 lb) for 8 blades 

K = 692.76 kg (1527.28 lb) for 6 blades 


Reference 12 also contains esti- 
mated gearbox weights, which may be 
calculated from equation (E2). 

WT_ n = (E2) 

0 5 

KKD/DgK (DL/DLg) (GR/GRg) ° (TSg/TS) 

where the symbols defined in equation 
(El) apply and GR is the gear ratio, 

GR r is a base ratio of 8, and K1 is a 
constant, 386.83 kg (852.82 lb) 

BASELINE ENGINE 

The baseline turboprop powerplant 
is the Pratt A Whitney STS487 turbo- 
shaft study engine, which was derived 
under NASA's program on advanced 
engines for low energy consumption. 
Reference 23 presents performance and 
installation characteristics for this 
engine with a caution that they should 
be regarded as maximum target levels 
because the engine incorporates very 
aggressive, energy-efficient, advanced- 


technology concepts with 1990+ opera- 
tional capabilities. Some of the engine 
features are: an overall pressure ratio 
of 40:1, a maximum combustor exit tem- 
perature of 1 8 1 1 °K (2800°F) , an unin- 
stalled sea-level rating of 15.2 MW 
(20,424 hp) up to 302°K (84°F), and a 
mass of 970 kg (2134 lb). 

INSTALLATION CONSIDERATIONS 

A propeller operating alone in a 
uniform flow field creates a force 
which may be referred to as an 
"apparent thrust." When a nacelle (or 
other body) is placed behind the pro- 
peller, the pressure field generated by 
this body diffuses the incoming stream- 
tube to produce a buoyancy effect which 
delays the drag rise of the propeller 
by retarding root choking. The result- 
ing thrust is defined by Hamilton 
Standard as propeller net thrust, and 
it is dependent upon the propeller-to- 
nacelle diameter ratio which is a 
function of propeller disk loading. 
Values given in Reference 12 for this 
ratio are illustrated in Figure E-8. 



GEAtBOX ♦ Ef«GIN* ♦ NOZZLE 
LNAC • 0.6 UNO ♦ LING * I J DENG 
OENQ Ortd CENG or« ffco enqino dknwow on* long*, wpurti i' i 



C4UISE 04 sx loading 

Figure E-8. Nacelle Installation 
Parameters 
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Pit OP PLANE TO WING QUARTER CHORD MINIMUM DISTANCE 


FT M 



PtCF OlAMCn* • 0 

Figure E-8. (Cont'd) Nacelle Installa- 
tion Parameters 


Two of the dimensions shown on the 
figure are spinner length (LSP) and 
nacelle length (LNAC) . A spinner 
length equal to one-third the propeller 
diameter was assumed based on the size 
of the scale model propfan to be tested 
on the JetStar aircraft for NASA. The 
nacelle length is equal to the sum of 
the gearbox, engine, and nozzle 
lengths. The length of the nozzle was 
defined to be 1.2 times the diameter of 
the engine power turbine case, and the 
length of the gearbox plus extension 
shaft was set equal to 60 percent of 
the engine length. 

An under-the-wing engine location 
was selected to provide good engine 
accessibility without interrupting the 
wing box structure. The engine is in- 
stalled as high as possible without in- 
terfering with the wing front beam to 
minimize the twisting moment on the 
wing due to the offset of the thrust 
centerline relative to the wing box. 
The jet nozzle is deflected downward to 
reduce impingement of the exhaust on 
the flaps. 


The chordwise placement of the 
engine on the wing is the result of a 
compromise between aerodynamic, pro- 
pulsive, and structural penalties. 
Typical pressure distributions from the 
lower surface of supercritical wings 
indicate that, if the nozzle exit is 
placed further aft than the 40-percent 
chord position on the wing, there will 
be adverse pressure gradients. Engine 
placement with the plane of the pro- 
peller about one diameter length for- 
ward of the wing quarter chord is de- 
sirable for propulsive efficiency based 
on the requirements shown in Figure E-8 
from Reference 12, but the further for- 
ward the engine, the greater the struc- 
tural weight penalties. Alternately, 
as the engine is moved aft to minimize 
structural weight, aerodynamic pen- 
alties are incurred and the propulsive 
efficiency may be jeopardized. 

Because of these conflicts, the 
rear flange on the engine turbine 
casing is located under the front beam 
of the wing. This permits a relatively 
straight-forward structural attachment , 
and. it keeps the exit of the nozzle 
forward of the 40-percent wing chord 
position. 

Guidelines provided by Reference 12 
for the spanwise distribution of pro- 
pellers on a wing are shown in Figure 
E-9. The smaller value for F is de- 
sired for minimizing engine-out 
problems, while the larger value is 
preferred for reduced near-field cabin 
noise . 



Figure E-9. Propeller Spanwise Spacing 
Requirements 
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PERFORMANCE 


LB 


The performance of the total pro- 
pulsion system, i.e., engine with pro- 
peller, has been compiled as specific 
fuel consumption and net pylon thrust 
for three rating conditions of maximum 
takeoff, climb, and cruise power. Net 
pylon thrust is defined as the alge- 
braic sum of propeller net thrust, ax- 
ial residual net jet thrust, and na- 
celle drag. Nacelle drag, as discussed 
in Appendix D, is calculated using a 
constant nacelle drag coefficient of 
0.0671 based on nacelle maximum cross- 
sectional area. This drag coefficient 
includes the effect of the propeller 
slipstream on the nacelle; slipstream 
effects on the wing are included in the 
aircraft drag polar. Residual net jet 
thrust is the sum of nozzle gross 
thrust minus inlet ram drag. 

During the definition of the take- 
off thrust levels, some combinations of 
low tip speed and high disk loading 
(small propeller diameter) resulted in 
propeller power levels greater than 
could be absorbed efficiently at low 
advance ratios for low flight speeds. 
For these cases, takeoff thrust was 
defined as the maximum thrust obtain- 
able at the given propeller diameter, 
tip speed, and advance ratio. 

Installed engine performance was 
derived based on the assumption of 149 
kW (200 hp) accessory power extraction, 
100 percent inlet ram recovery, and a 
gearbox efficiency of 99 percent. 

Figures E-10 through E-14 show, as 
an example, the net pylon thrust and 
specific fuel consumption at full power 
during takeoff, climb, and cruise for a 
particular combination of 10 blades, 
229 m/s (750 ft/s) tip speed, and a 
nominal disk loading of 402 kW/ni (50 
hp/ft (Specific fuel consumption 

during takeoff remains essentially 
constant at 0.1865 kg/hr-kW (0.306 
lb/hr-hp) and, therefore, is not shown 
as a separate figure) . To cover the 
ranges of the three flight conditions, 
performance data were generated for 
altitudes from sea level up to 13.7 km 
(45,000 ft) and for Mach numbers up to 
0.8. The effect of operating at part 
power is illustrated in Figure E— 15- 
Similar performance data for this and 
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Figure E— 1 1 . Example of Maximum Climb 
Performance 


other combinations of propeller 
characteristics for both full anc^part 
power are contained in Reference 



SPECIFIC FUEL CONSUMPTION 



Figure E-12. Example of Fuel Consumption 
for Maximum Climb 
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Figure E-14. Example of Fuel Consumption 
for Maximum Cruise 



THRUST/MAXIMUM CRUISE THRUST 

Figure E-15. Example of Part-Power 

Performance. Altitude - 
9144m (30,000 ft) 


SCALING PROCEDURE 


All of the performance data 
presented thus far have been for the 
baseline engine power of 15.2 MW 
(20,424 hp) . In the parametric study 
and for the selected design points, the 
aircraft require engine power levels 
other than those of the basepoint 
engine. To scale the basepoint engine 
to the power level required in each 
particular case, a procedure was 
devised which depends only on an 
assumption of constant propeller 
efficiency. The basic relationship 
between engine thrust and power is 
shown in equation ( E 3 ) • 


T/SHP = ti 326/V (E3) 

P 


where: 

T is the rated thrust, N (lb) 

SHP is the power level, kW (hp) 

V is the aircraft speed, m/s (ft/s) 


ti is the 
P 


propeller 


efficiency 


For a particular value of the air- 
craft speed (V) , the ratio of engine 
thrust to power is constant if the 
propeller efficiency does not change 
with power, over the range of pitch 
change. This, then, yields the basic 
relationship that is needed to scale 
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the engine to any desired size. Mathe- 
matically, the basic relationship is 

T = T. (E4) 

s b 

SHP SHP, 

s b 

where the subscripts s and b indicate 
the scaled and base engines, respec- 
tively. 

Performance Scaling 


definition of the scale factor of equa- 
tion (E7) , and rearranging to obtain 

D = SF 0,5 x D v (E10) 

s b 

Reference 23 shows the effect of 
engine scaling on specific fuel con- 
sumption. There is no effect when the 
engine is scaled to larger sizes, but 
there is a penalty in scaling to 
smaller sizes. The magnitude of the 
penalty is given by 


The performance of the engine is 
scaled while maint|ining a constant 
disk loading (SHP/T) ) and a constant 
tip speed (TS) . When expressed math- 
ematically, this statement takes the 
form of two equations: 


SFC Factor = (Ell) 

0.143 SF^ - 0.379 SF + 1.236 

if SF is less than one. 

Engine/Nacelle Dimension Scaling 


SHP s SHP b 

= = constant 


Equations for scaling the engine 
dimensions were supplied in Reference 
(E5) 23. They are: 


s 



TS = TS. 
s b 


(E6) 


ENGD = ENGD, x SF 0,5 (E12) 

s b 

ENGL = ENGL, x SF 0 * 43 (El 3) 
s b 


The scaling procedure uses a thrust 
scale factor (SF) which is the ratio of 
required thrust to available thrust at 
a given power setting, altitude, and 
flight Mach number, i.e., 

SF = T ,/T .. . n 

required available 

or, in terms of the scaled and base 
engine subscripts, 

SF = T /T, (E7) 

s b 


The maximum diameter (ENGD) of the 
baseline engine is 0.915 m (3 ft) at 
the rear turbine, and the overall 
length (ENGL) is 2.24 m (7.35 ft). 

The nacelle length and diameter are 
functions of the engine length, engine 
diameter, and propeller diameter. Once 
the engine and propeller are scaled to 
the desired size, the nacelle dimen- 
sions are calculated to fit the engine. 
Hence, no relationships are needed to 
scale the nacelles. 


Thus, the scaled thrust is given by 


Weight Scaling 


T = SF T. (E8) 

s b 

and, from equation (E4) , the scaled 
power is given by 

SHP = ( E 9 ) 

T (§HP./T. ) = SF SHP. 
s b b b 

An equation for the scaled propel- 
ler diameter may be derived by starting 
with equation (E5) , substituting the 


Reference 23 gives a graphical re- 
lationship for scaling engine weight as 
the engine size varies between 50 and 
200 percent of the baseline design. In 
equation form, the engine weight scal- 
ing relationship is: 

ENGW = (E14) 

s 2 

ENGW. (0.098798SF^ + 0.78176SF + 0.1199) 
b 
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where the weight of the baseline engine 
(ENGW b ) is 970 kg (2134 lb). 

As discussed in a previous section, 
propeller and gearbox weights are de- 
fined as a function of propeller di- 
ameter. By using the scaled propeller 
diameter, the weights for the propeller 
and gearbox are automatically adjusted 
to the scaled size. Hence, no special 
scaling equations are needed for these 
two weight items. 

Technology Scaling 

The STS487 engine has technology 
levels that are predicted to be con- 
sistent with a 1998 commercial engine 
certification. An earlier introduction 
of the engine would be accompanied by 
weight and specific fuel consumption 
penalties that reflect lower levels of 
advanced technology. These penalties 
have been quantified in Reference 23 
and are illustrated in Figure E— 1 6 . 
Early introduction of this engine is 
also likely to be accompanied by louder 
noise levels, which are not incorpo- 
rated directly, but are recognized and 
partially accounted for indirectly 
through the larger power requirement 
resulting from less technology advance- 
ment . 



APPENDIX F. TURBOPROP PARAMETRIC 
DATA ANALYSIS 

This appendix provides a step- 
by-step description of the analytical 
process that was used to reduce the 
parametric data to a form that could be 
used for selecting aircraft for further 
study. In addition, all of the reduced 
parametric data are presented , which 
were instrumental in assessing the cost 
of quietness. 

METHOD OF ANALYSIS 


In the Phase II portion of the par- 
ametric study, four variables were con- 
sidered: number of propeller blades, 
propeller tip speed, propeller disk 
loading, and wing aspect ratio. For 
these variables, three values were 
selected for the first two , and four 
for the last two . Then , for each com- 
bination of values, an aircraft design 
was produced by Lockheed's Generalized 
Aircraft Sizing and Performance 
program. Estimates were made of the 
noiseprint area at an 80-EPNdB noise 
level, and of the direct operating cost 
for each of the three fuel prices. To 
illustrate the data reduction process, 
a set of aircraft designs with varying 
wing aspect ratio and propeller disk 
loading was arbitrarily selected, which 
has these conditions: 


o 

o 

o 

o 

o 

o 

o 


Cruise Mach Number 
Payload 

Cruise Altitude 
Wing Sweep Angle 
Wing Loading 


0.8 

- 4 Containers 

1 0 . 1 km 
(33,000 ft) 

- 0.44 rad (25 

deg) 

- 5.71 kN/nT 
(119.5 lb/ft ; 

10 

229 m/s 
(750 ft/s) 


Number of Propeller - 
Blades 

Propeller Tip Speed - 


Figure E-16. Estimated Adverse Effects 
of STS487 Engine Early 
Introduction 


Obviously, when generating so many 
aircraft designs, there is a tremendous 
amount of data that can be graphed and 
analyzed. Consistent with the intent 
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of this study, we chose to graphically 
portray only the ramp weight, block 
fuel, takeoff distance, engine thrust- 
to-weight ratio, propeller diameter, 
fuel volume ratio, direct operating 
cost (DOC) for each of three fuel 
prices, and 80-EPNdB noiseprint areas 
for full power and cutback power 
conditions. These are presented in 
Figures F-1 through F-11. 

Although a number of limitations 
have been imposed on this study, those 
that could impact the analysis for this 
set of designs are: 

o Takeoff Distance ^2440 m (8000 ft) 
o Propeller Diameter ^6.1 m (20 ft) 
o Fuel Volume Ratio -1 

A check of the data shows that only 
the propeller diameter limitation is a 
constraint for this case. As the first 
step in the analysis, this limiting 
value is indicated by the heavy line on 
Figure F-12, a reproduction of Figure 
F-5. It is then duly noted on the 
other figures by identifying combina- 
tions of aspect ratio and disk loading 
that are on the propeller diameter 
limit line and by locating these com- 
binations on the various figures so 
that a limit line can be drawn on each. 
For this example, only Figures F-1 3 and 
F-1 4 (reproductions of Figures F-7 and 
F-10) are included with the limit 
illustrated. 

The next step is to superimpose a 
regular pattern of constant cost lines 
on the DOC plot, as shown in Figure 
F-1 5. These lines are then transferred 
to the graph of noiseprint area in 
Figure F-1 6, and the minimum values are 
read for each cost line. This pro- 
cedure is repeated for the eight other 
combinations of values of propeller tip 
speed and number of blades to complete 
a table similar to Table F-T. For each 
subset in the table, that is for the 
nine area values for each cost, a 
minimum value can be identified by 
either a visual or graphical compari- 
son. The latter approach is depicted 
in Figure F— 17 for a constant DOC of 
7.40 6 / t-km (12.4 jS/T-n.mi.). 


The minimum area from Figure F-1 7 
is then combined with similarly defined 
values for the other DOC levels to 
obtain the desired end result. Figure 
F-1 8. By repeating the process three 
more times, similar figures can be 
obtained for the DOCs at the other two 
fuel prices and for block fuel. 

PARAMETRIC DATA 

All of the parametric data that 
were used to assess the cost of 
quietness and its relationship to 
payload size, cruise Mach number, and 
fuel price are presented here. Figures 
F— 1 9 to F-21 show the cost of quietness 
for an 0.8 Mach number for the three 
fuel prices, and for 2, 4, and 

6-container payloads. Figures F-22 
through F-25 isolate the effects of 
payload on the cost of quietness for 
each fuel price. 

Cost of quietness results for a 
4-container payload and cruise Mach 
numbers of 0.6 and 0.7 are presented in 
Figures F-26 and F-27, respectively. 
Figures F-28 and F-29 compare the 
effects of speed and fuel price on the 
cost of quietness at full and cutback 
power conditions. 

Figures F-30 to F-32 present cost 
of quietness data for a 9-container 
payload at three cruise Mach numbers of 
0.7, 0.75, and 0.8. The effects of 

speed on the cost of quietness are 
included in Figures F-33 and F-34 for 
full power and cutback conditions, 
respectively. 
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Figure F-1. Ramp Weight Variation for Turboprop Parametric Example 
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Figure F-2. Block Fuel Variation for Turboprop Parametric Example 
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Figure F-4. Thrust/Weight Variation for Turboprop Parametric Example 
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Table F-I 


Sample Data Compilation for 
Optimization of 4-Container 
Payload, 0.8 Mach Number 
Turboprop Aircraft 


DOC, ?/TKM, 
FUEL AT- 
132 S/M J 

NUMBER 
OF BLADES 

NOISEPRINT AREAS (SQ KM) FOR 
TIP SPEEDS (MPS) OF 

204 

229 

256 

7.28 

6 

• 

248.5 

631.7 


8 

• 

179.9 

387.0 


10 

* 

89.6 

216.9 

7.34 

6 

• 

235.6 

639.5 


8 

* 

154.0 

374.1 


10 

72.5 

94.7 

214.9 

7.40 

6 

84.0 

230.4 

655.0 


3 

85.7 

145.8 

370.2 


10 

47.4 

84.7 

214.4 

7,44 

6 

31.5 

230.4 

655.0 


8 

76.9 

145.0 

370.2 


10 

66.5 

83.9 

214.4 

DOC, C/TNM, 


NOISEPRINT AREAS (SQ Ml) FOR | 

FUEL AT 

NUM8ER 

TIP SPEEDS (FPS) OF 


50 C/GAL 

OF BLADES 

670 

750 

840 

12.2 

6 


96.0 

244.0 


8 


69.5 

149.5 


10 


34.6 

83.8 

12.3 

6 

# 

91.0 

247.0 


a 

• 

59.5 

144.5 


10 

28.0 

32.7 

83.0 

12.4 

6 

33.2 

89.0 

253.0 


8 

33.1 

56.3 

143.0 


10 

26.1 

32.4 

82.3 

12.5 

6 

31.5 

88.0 

253.0 


8 

29.7 

56.0 

143.0 


10 

25.7 

32.4 

82.8 


* NO AIRCRAFT OBTAINABLE FOR CONDITIONS 



Figure F-17. Noiseprint Area for Var- 
iations in Propeller Tip 
Speed and Number of 
Blades at Constant DOC 
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Figure F-18. Cost of Quietness as a 

Function of Tip Speed and 
Number of Blades 
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Figure F-20. Cost of Quietness for 0.8 Mach Number and 4-Container Payload 
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Figure F-22. Effect of Payload on Cost of Quietness for Fuel at 132 $/m^ (50 
it gal) 
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Figure F-23. Effect of Payload on Cost of Quietness for Fuel at 198 $/nr (75 
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Effect of Payload on Cost of Quietness for Fuel at 264 $/m^ (100 
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Figure F-25. Effect of Payload on Block Fuel Cost of Quietness 
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Figure F-26. Cost of Quietness for 0.6 Mach Number and 4-Container Payload 
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Figure F-27. Cost of Quietness for 0.7 Mach Number and 4-Container Payload 
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Effect of Speed on Cost of Quietness for 4-Container Payload 
Aircraft at Cutback Power 
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Figure F-30. Cost of Quietness for 0.8 
Mach Number and 9-Con- 
tainer Payload 
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Figure F-31. Cost of Quietness for 
0*75 Mach Number and 
9-Container Payload 
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Figure F-32. Cost of Quietness for 0.7 
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APPENDIX G. PROPELLER NOISE 
CORRELATION 

Much of the thrust of this study is 
to assess the effect of advanced turbo- 
props on aircraft noiseprint areas. To 
enhance the credibility of the cal- 
culated areas, the major segment of the 
noiseprint was identified, and the 
accuracy of the predicted noise was 
checked for the predominate noise con- 
tributor to that segment. 

Visual inspection of the noise- 
prints shown previously in the main 
portion of this report for the three 
turboprop aircraft reveals that the 
takeoff portion of the noiseprint is 
three to four times that for approach. 
An indication of the main noise sources 
contributing to the size of the noise- 
print is gained from a check of the 
noise source distributions over the 
measuring points. The data shown 
previously clearly establish that the 
propeller is the predominate noise 
source for full power takeoff and side- 
line conditions, both of which are 
prime factors related to the size of 
the takeoff portion of the noiseprint. 

The characteristics of the selected 
aircraft were sent to Hamilton 
Standard, the developer of the propfan 
propeller concept, so that they could 
check the propeller noise predictions 
with their program. Their predictions 
of the sound pressure level spectra for 
the propellers were then combined with 
the engine and airframe noise predic- 
tions of our program (see Appendix C 
for a description) in a calculation of 
the equivalent perceived noise levels 
(EPNL) of the aircraft. Table G-1 
compares propeller perceived noise 
levels (PNLTM) and the resulting EPNLs 
for the aircraft with the only input 
difference being that the propeller 
sound pressure level spectra were 
predicted by Hamilton Standard* (col- 
umns headed H.S.) and Lockheed (LOCK 
heading) programs. Note that all four 
conditions are at the FAR 36 measuring 
points, but the aircraft are flown as 
specified by FAR 36 for only the cut- 
back takeoff and approach conditions. 

A normal flight procedure was used for 
the other two. Also, a constant 3 dB 
has been added for ground reflection in 
all cases. 


Table G-I. Propeller Noise Prediction 
Comparison 


AIRCRAFT & 

PROPELLER NOISE, 

PNLTM 

AIRCRAFT NOISE, EPNL 



CONDITION 

H.S. 

LOCK 

DIFF 

H.S. 

LOCK 

DIFF 

I COMPROMISE 
NORMAL TAKEOFF 

94.65 

93.10 

1.55 

91.90 

91.03 

0.87 

CUTBACK TAKEOFF 

87.83 

85.42 

2.41 

89.04 

87.21 

1.33 

SIDELINE 

88.00 

90.39 

-2.39 

90.05 

91.17 

-1.12 

APPROACH 

97.58 

97.73 

-0.15 

| 

98.58 

99.50 

0.08 

2 QUIETEST 
NORMAL TAKEOFF 

95.76 

94.89 

' 

1 

1 0.87 

92.49 

92.28 

0.21 j 

CUTBACK TAKEOFF 

87.54 

84.86 

j 2.68 

88.95 

87.32 

1.63 

SIDELINE 

86.72 

90.96 

| -4.34 

88.92 

91.34 

-2.42 

APPROACH 

95.58 

92.95 

2.73 

99.73 

99.51 

0.22 

L 


PROPELLER CHARACTERISTICS 
AIRCRAFT 

NUMBER OF BLADES 
TIP SPEED, M/S (FT/S) 

DIAMETER, M (FT) 

DISK LOADING, KW/M 2 (HP/FT 2 ) 


1 COMPROMISE 
10 

229 (750) 
5-64(18.5) 

402 (50) 


2 QUIETEST 

6 

204 (670) 
611 (2005) 
345 (43) 


NOTE: CONDITIONS ARE FAR 36 MEASURING POINTS. NORMAL TAKEOFF 
AND SIDELINE ARE NOT AS PER FAR 36 FLIGHT OPERATIONS 


The small difference between the 
two sets of predictions indicates a 
much closer correlation between the two 
methods than was originally antici- 
pated * Lockheed and Hamilton Standard 
concurred that a better correlation 
would probably not be obtained within a 
reasonable level of effort by trying to 
modify the Lockheed method. Further- 
more, the accuracy of the propeller 
noise prediction methods is thought to 
be as good or better than that for the 
engine components and airframe. Con- 
sistency in the comparative results of 
turboprop versus turbofan powered air- 
craft dictates that further improve- 
ments to the propeller noise prediction 
methods are not warranted without 
similar efforts on the other noise 
prediction methods, which is consider- 
ably beyond the scope of this study. 


* Lockheed f s propeller noise is pre- 
dicted by an earlier and less sophisti- 
cated version of the Hamilton Standard 
program. The latest version includes 
quadrupole and sweep effects that are 
not in the earlier model, and different 
approaches are used for ground reflec- 
tion and unsteady loading. 
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APPENDIX H. TURBOPROP AIRCRAFT 
SENSITIVITY STUDIES 


Table H-I. Turboprop Aircraft Sens! 
tivity Studies 


Thi3 appendix contains the detailed 
results of the numerous sensitivity 
studies that were performed for the 
three selected turboprop aircraft. The 
particular sensitivity parameters in- 
vestigated are listed in Table H-I un- 
der five general category headings of 
propulsion system, performance, wing 
geometry, weight, and economics. Varia- 
tions of each of the elements under 
these headings were analyzed to de- 
termine the effects on DOC, block fuel, 
and noi3eprint area, which were used as 
sensitivity indicators, where applic- 
able.* 

Unless otherwise noted, only one 
independent variable is allowed to 
change in each sensitivity study. In 
general throughout the sensitivity 
studies, the DOC variations are for a 
fuel price of 264 $/nr (100 6 / gal), and 
the noiseprint variations are for an 80 
EPNdB level. Any exceptions are noted. 

PROPULSION SYSTEM 

The first four items listed under 
the propulsion system heading on Table 
H-I deal exclusively with the propeller 
subsystem. In contrast, the last para- 
meter is concerned with the performance 
of the total propulsion system. 


* A measure of sensitivity (MOS) for 
evaluating the impact of each element 
was defined as the ratio of the per- 
cent change realized in one of the 
indicators divided by the corres- 
ponding percent change in the sensi- 
tivity parameter. For evaluation 
purposes, the numerical MOS values 
are arbitrarily interpreted as 
follows : 


Numerical 
Evaluation 
MOS < 1 

1 < MOS < 2 

2 < MOS < 5 

MOS > 5 


Qualitative 

Interpretatio n 

Negligible 

Marginal 

Significant 

Critical 


PROPULSION 5YSTEM 


WEIGHT 

o PROP DIAMETER 

o 

PROPULSION SYSTEM 

o PROP DISK LOADING 

o 

AIRFRAME 

o PROP TIP SPEED 

o 

FUEL 

o PROP BLADES 



o THRUST/WEIGHT 



ECONOMICS 

PERPORMANCE 

o 

STAGE LENGTH 

o CRUISE ALTITUDE 

o 

UTILIZATION 

o DRAG 

o 

LOAD FACTOR 

o FIELD LENGTH 

o 

FUEL PRICE 

o APPROACH SPEED 

o 

PROP COST 

o GU DESLOPE 

o 

ENGINE COST 

o NOISE LEVEL 

o 

AIRFRAME COST 

WING GEOMETRY 

o 

FLYAWAY COST 

o ASPECT RATIO 
o WING LOADING 

o 

MAINTENANCE COST 


Propeller Diameter 


A maximum propeller diameter limit 
of 6.1 m (20 ft) was adopted because of 
the- following aircraft geometrical con- 
siderations. The centerline of the 
engines, when mounted in aerodynamic- 
ally optimum positions beneath the 
wing, is approximately 4.1 m (13.5 ft) 
above the ground for the three selected 
aircraft. With a 6.1 m (20 ft) dia- 
meter propeller this would leave only a 
marginal clearance of 1 m (3.5 ft) be- 
tween the ground and the propeller tip. 
If a greater clearance is required to 
avoid propeller damage, then smaller 
propeller diameters are mandatory, 
assuming no changes to the aircraft 
configuration. 

The propeller diametel* for the No. 
2 aircraft is at the limiting value of 
6.1 m (20 ft), while the diameters for 
the other two are below the limit at 
about 5.6 m (18.5 ft). Figure H-1 
shows the effects on the three aircraft 
of changing the propeller diameter, 
which may be necessary if other limita- 
tions are imposed, such as those indi- 
cated. 

Of the three aircraft, the noise- 
print area for the No. 2 aircraft is 
much more sensitive to changes in 
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NO. 1 COMPROMISE 

PROP DIAMETER 

M (FT) 4.9(16) 5.5 08) 6.1 (20) 6.7(22) 



PROP diameter NO. 2 QUIETEST 

M(FD 4.9 (16) 5.5 0 8) 6.1 (20) 6.7(22) 



NO. 3 COMPROMISE 

PROP DIAMETER 

M (FT) 4.9 (16) 5.5 (18) 6.1 (20) 6.7 (22) 



Figure H-1 . Propeller Diameter Sensi- 
tivity Results for Turbo- 
prop Aircraft 


propeller diameter than for the other 
two. There are two reasons for this. 
First, the No. 2 aircraft has the 
longest field length of the three, 
which directly impacts the noiseprint 
area. It suffers greater increases in 
field length with decreasing propeller 
diameter because the tip speed is lower 
and the takeoff performance is poorest 
for this aircraft. In fact, if the 
propeller diameter is decreased by more 
than 18 percent, the aircraft is not 
able to comply with the 2440 m (8000 
ft) field length limitation. The second 
reason for the stronger noise sensitiv- 
ity of the No. 2 aircraft is that it 
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has by far the smallest noiseprint of 
the three aircraft , and a unit change 
in area has a more profound effect. For 
example, a 2.56 sq km (1 sq mi) varia- 
tion in noiseprint area produces a 5 
percent change for the No. 2 aircraft, 
a 3 percent change for the No. 1 air- 
craft, and a 1.5 percent change for the 
No. 3 aircraft. 

Some other observations are note- 
worthy. Variations of the propeller 
diameter over the ranges shown produce 
less than a two percent change in 
direct operating costs. Similarly, less 
than a four percent change in block 
fuel is experienced. Exceeding the 6.1 
m (20 ft) limit appears to be very 
beneficial in reducing the noiseprint 
area for the No. 2 aircraft; in par- 
ticular, enlarging the propeller di- 
ameter by 0.6 m (2 ft) reduces the 
noiseprint area by 33 percent. This 
assumes that 0.76 m (2.5 ft) is 
adequate clearance between the ground 
and the propeller tip. If it is not, 
then some modifications to the aircraft 
will be required, such as a longer 
landing gear or mounting the engines 
above the wing, which will penalize the 
aircraft design and performance. 

The large variation in disk loading 
merely reflects the change in propeller 
diameter. Recall that disk loading is 
the ratio of engine power to the square 
of the propeller diameter. With the 
engine power held approximately con- 
stant, as in these cases, the disk 
loading curve has a quadratic shape due 
to the square of the changing propeller 
diameter . 

On the measure-of-sensitivity 
scale, changing the propeller diameter 
has a negligible effect on the DOC and 
block fuel for all three aircraft. The 
noiseprints of the No. 1 and No. 3 air- 
craft are, however, significantly 
affected by changing the propeller dia- 
meter, and that for the No. 2 aircraft 
is critically impacted. 

Disk Loading 


An alternate approach for showing 
the effects of variations in propeller 
diameter is through the propeller disk 
loading, which is inversely proportion- 
al to diameter squared . Thus , the re- 
sults outlined in the preceding section 



are presented in Figure H-2 as a func- 
tion of the sea-level disk loading for 
the three aircraft. Increasing the 
disk loading means that the propeller 
diameter becomes smaller for a given 
power level, and, as a result, field 
lengths are longer and noiseprint areas 
are larger. Both direct operating costs 
and block fuel were found to be rel- 
atively insensitive to changes in 
propeller diameter and are likewise in- 
sensitive to changes in disk loading. 


NO. 1 COMPROMISE 

DISK LOAOlNG 

KW M 2 (HP/FT 2 ) 281 (35) 102 (50) 522 (65) 



NO. 2 QUIETEST 

DISK IOAOING 

KW'M 2 (HP, FT 2 ) 281 (35) 402 (50) 522 (65) 



NO. 3 COMPROMISE 

DISK LOAOING 

281 (35) KW/m 2 (HP/FT 2 ) 102 (50) 522 (65) 



Figure H-2. Disk Loading Sensitivity 

Results for Turboprop 
Aircraft 


Study limitations on field length 
and propeller diameter have been noted 
on the figures, where applicable. The 
propeller diameter limit restricts the 
No. 1 and No. 3 aircraft to a maximum 
reduction in disk loading of about 12 
percent, while no reduction is per- 
mitted for the No. 2 aircraft. The 
field length limit is much less re- 
strictive because it impacts only the 
No. 2 aircraft, and then, only after 
the disk loading has increased by 47 
percent. 

The measure of sensitivity for the 
effect of disk loading on DOC and block 
fuel is negligible for all three air- 
craft. Marginal ratings are given to 
the effect on noiseprints for the No. 1 
and No. 3 aircraft, while a significant 
rating applies to the effect on the No. 
2 aircraft. 

Propeller Tip Speed 

The effects on the three aircraft 
of changing propeller tip speed are 
presented in Figure H-3. In all cases, 
varying the tip speed over the range 
shown produces less than a 5 percent 
change in aircraft block fuel, DOC, 
propeller diameter, or ramp weight. 
The major effects are on the thrust/ 
weight ratio and the noiseprint area. 
For the No. 1 and No. 3 aircraft, the 
thrust/weight ratio changes by up to - 
20 percent, and correspondingly, the 
noiseprints change by more than -100 
percent. 

Tip speed has a greater effect on 
the No. 2 aircraft, which experiences 
more than a 40 percent increase in the 
thrust/weight ratio and almost an order 
of magnitude increase in the noiseprint 
area. In this case, as for the other 
two, the noiseprint increases at a 
greater rate at the higher tip speeds 
than at the lower values. 

The measure-of-sensitivity ratings 
for all three aircraft to changing pro- 
peller tip speed indicates negligible 
effects on DOC and block fuel , but 
critical impact on the noiseprints. 
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Figure H-3. Propeller Tip Speed Sen- 
sitivity Results for Tur- 
boprop Aircraft 


Number of Propeller Blades 


Changing the number of propeller 
blades, as shown in Figure H-4, has 
only a minimal effect on the ramp 
weight, block fuel, DOC, and propeller 
diameter of the three aircraft. Re- 
ducing the number of blades on the No. 
1 and No. 3 aircraft does, however, 
cause the thrust/weight ratio to drop, 
which in turn causes a small increase 
in field length but a significant in- 
crease in noiseprint area due to the 
poorer climb capabilities. Conversely, 
increasing the number of blades on the 
No. 2 aircraft provides a greater 
thrust/weight ratio and a shorter field 
length. The noise corresponding to the 
increased engine size is offset by the 
greater climb capability so that the 
net effect is essentially no change in 
the noiseprint area. 
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Figure H-4. Propeller Blade Count 

Sensitivity Results for 
Turboprop Aircraft 


Changing the number of propeller 
blades has a critical effect on the 
noiseprints of the No. 1 and No. 3 
aircraft, but a negligible effect for 
the No. 2 aircraft, according to the 
measure-of-sensitivity ratings . Neg- 

ligible ratings apply to all three air- 
craft when evaluating the effect of the 
number of propeller blades on DOC and 
block fuel. 

Thrust/Weight Variation 


Figure H-5 presents the same re- 
sults as shown previously in Figure H-1 
except that now thrust/weight is the 
abscissa instead of propeller diameter. 
In all three cases, aircraft block fuel 
and DOC are insensitive to changes in 
the thrust/weight ratio. Field length 
is slightly affected by thrust/weight, 
but the most significant change occurs 
to the noiseprint, which is sensitive 
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NO. 1 COMPROMISE 

THRUST/WEIGHT 



NO. 2 QUIETEST 

THRUST/WEIGHT 1 33 , 93 ^ 2 .31 

NAG (LBAB) (0*16) (0.20) (0I24) (0.29) 

I I I I 

DISK 



THRUST/WEIGHT 2.25 2.81 3.33 3.92 

N/KG (IB/IB) (0.23) (0.29) (0.35) (0.40) 

I I 3.07 I I 



Figure H-5. Thrust/Weight Sensitivity 
Results for Turboprop 
Aircraft 

to the aircraft thrust level and 
capability to climb. 

The measure-of-sensitivity ratings 
for the effects of thrust/weight on 
noiseprints are marginal for the No. 1 
and No. 3 aircraft and significant for 
the No. 2 aircraft. Negligible ratings 
are indicated for the effect on DOC and 
block fuel for all three aircraft . 

PERFORMANCE 

Six performance-related areas were 
considered as part of the effort to 
identify those parameters that have the 
greatest impact on the design of the 
three selected turboprop aircraft. In 


particular, variations in initial 
cruise altitude, aircraft drag, field 
length, approach speed, glideslope on 
approach, and noise level were ad- 
dressed. 

Cruise Altitude 

Sizing the turboprop aircraft for 
an initial cruise altitude other than 
the base value of 10.1 km (33*000 ft), 
produces the effects illustrated in 
Figure H-6. The most important result 


NO. I COMPROMISE 



NO. 3 COMPROMISE 



Figure H-6. Altitude Sensitivity Re- 
sults for Turboprop Air- 
craft 
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is that in all three cases, the base 
altitude provides either the minimum 
value or is within 0.8 percent of the 
minimum value for DOC, noiseprint, and 
ramp weight. 

The sea-level-rated thrust of the 
engines varies somewhat proportionately 
with altitude because of the lapse rate 
effect, and as the- rated thrust 
changes, so does the field length. 
Block fuel follows the expected trend 
of decreasing with higher altitude. It 
tends toward a definite minimum at some 
higher altitude greater than that which 
minimizes DOC or ramp weight. 

In terms of the measure-of-sensi- 
tivity ratings, altitude changes have a 
negligible effect on the noiseprint, 
DOC, and block fuel for all three 
aircraft . 

Aircraft Drag 

Like others in the industry, we are 
concerned by the limited data on 
propeller swirl and propeller/wing 
interference drag effects. Some other 
features of an aircraft also pose 
problems in calculating its total drag. 
For example, calculating the drag 
contributions for the wing/fuselage 
fillet, the fuselage afterbody, and the 
landing gear pod are as much an art as 
a science. Only through expensive and 
time-consuming wind tunnel tests can an 
accurate measure be obtained for the 
actual drag of a particular design. 
Such an approach is obviously not 
suitable for a parametric aircraft 
preliminary design study; empirical 
methods for estimating the drag must 
necessarily be employed. 

Recognizing that these methods are 
approximate, variations were considered 
for the drag estimates of the selected 
aircraft. Figure H-7 shows the effects 
of changing the drag for reductions of 
up to 20 counts* and for increases of 
up to 40 counts. The only positive 
benefit of increased drag is that the 
larger engine size required does 
shorten the field length and thereby 
helps to minimize the effect on the 

* One count is 0.0001 
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noiseprint. Of the other two major 
measures, the block fuel changes at 
nearly twice the rate of the DOC for a 
unit change in drag. For a one percent 
change in drag, the block fuel changes 
by slightly more than one percent, 
while the DOC changes by about two- 
thirds of one percent. 


NO. 1 COMPROMISE 



NO. 2 QUIETEST 



NO. 3 COMPROMISE 


&ASE DRAG COUNTS: 289 TOTAL 



Figure H-7* Aircraft Drag Sensitivity 
Results for Turboprop 
Aircraft 

Of the three aircraft, the No. 2 
aircraft is most noticeably affected by 
changing the drag, and the No. 3 air- 
craft is least affected. Generally, 
there is not a lot of difference among 
the three aircraft in the drag effects 



on a particular parameter with the 
exception of the field length. The 
reason for the different field length 
trends is that the field length for 
each aircraft is the longer of the 
balanced field length and the FAA 
factored field length. The No. 3 
aircraft has the factored field length, 
while the other two aircraft have their 
field lengths defined by balanced field 
conditions . 

Drag changes to the three aircraft 
have a marginal effect on the block 
fuel and a negligible effect on the 
noiseprint and DOC, according to the 
measure-of-sensitivity ratings. 


ing these aircraft for other field 
lengths by allowing the disk loading to 
change. Note that the propeller dia- 
meter limit precludes any reduction in 
field length of the No. 2 aircraft. 
For the other two aircraft, some re- 
duction in field length is permitted 
before the propeller limit is reached. 

Both DOC and block fuel are only 
negligibly affected by changing the 
field length performance through varia- 
tion of the disk loading. The noise- 
print, however, is significantly 
altered by these changes. 

Approach Speed 


Field Length 


All three aircraft take off in 
field lengths considerably shorter than 
the limit imposed for this study. 
Figure H-8 shows the effects of design- 


NO. 1 COMPROMISE 



NO. 2 QUIETEST 


NOISEPRINT 



NO. 3 COMPROMISE 
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Figure H-8. Field Length Sensitivity 
Results for Turboprop 
Aircraft 


All three aircraft are designed for 
the limiting approach speed of 69 m/s 
(135 kt) . The effects of changing this 
limit are shown in Figure H-9. Only a 
four percent increase in approach speed 
is permitted before all three aircraft 
become constrained by the projected 
limit on available lift technology. 
Even if the lift limit is relaxed, the 
No. 1 and No. 2 aircraft quickly col- 
lide with the fuel volume limit after 
an additional two percent increase in 
approach speed; that is, the wings do 
not have enough volume to carry the 
fuel needed for the specified range. 

Several things occur as the 
approach speed limit is lowered. The 
most obvious is that the wing loading 
decreases rapidly, thereby promoting a 
proportionately large increase in wing 
area. This area becomes even larger 
during the reiterative design process 
as the aircraft structure, propulsion 
system, and block fuel grow to accom- 
modate the larger wing size. Simulta- 
neously, the propeller diameter in- 
creases with the requirement for more 
thrust to fly the larger aircraft. 
Although not shown in the figures, the 
No. 1 and No. 3 aircraft reach the 6.1 
m (20 ft) propeller diameter limit for 
decreases in approach speed of more 
than 20 percent. 

Over the range of approach speed 
variations that produce valid aircraft, 
the No. 1 aircraft experiences 
negligible effects on DOC, block fuel, 
and noiseprint due to changing the 
approach speed. The No. 2 and No. 3 
aircraft, however, undergo marginally 
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NO. 1 COMPROMISE 



NO. 2 QUIETEST 



NO. 3 COMPROMISE 



Figure H-9. Approach Speed Sensi- 
tivity Results for Tur- 
boprop Aircraft 

significant changes in both DOC and 
block fuel. 

Glideslope 


All of the noiseprints were cal- 
culated for an approach flight profile 
that is in accord with the FAR standard 
0.05-rad (3-deg) glideslope. The sensi- 
tivity of the noiseprints for the base 
aircraft was investigated when they are 
operated on a 0.1-rad (6-deg) glide- 

slope. As indicated by the results in 
Figure H-10, this 0.05-rad (3-deg) 

change in glideslope produces less than 
a 3-percent reduction in noiseprint 
area. There are two reasons for this 
small effect. The most significant is 
that approach contributes only 20 to 30 
percent of the total noiseprint. The 
second reason is related to the effect 
of the changing glideslope on aircraft 
altitude and speed. On the 0.1-rad 
(6-deg) glideslope, the aircraft alti- 
tude is twice that for a 0.05-rad 
(3-deg) glideslope at a particular 
distance from the airport threshold. 
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Although this increased altitude has a 
positive effect on reducing the noise- 
print, the amount of the reduction is 
essentially cancelled because the air- 
craft’s higher speed results in a 
louder noise source. 

The effect of glideslope on the 
noiseprint for all three aircraft is 
rated negligible in terms of the 
measure of sensitivity. 
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Figure H-10, Glideslope and Noise 

Source Level Sensitivity 
Results for Turboprop 
Aircraft 


Noise Source Level 


Figure H-10 also shows what the 
effect will be if the predicted level 
for the noise source is off by ^3 dB. 
This amount of variation causes the 80 
EPNdB noiseprint area to change by 
approximately a factor of two for all 
three turboprop aircraft. In terms of 
percentages, a 3-dB increase in the 
noise source produces nearly a 100 
percent increase in the noiseprint 
area, while a 3-dB noise reduction 
decreases the noiseprint by about 50 
percent . 

According to the measure-of- 
sensitivity ratings, the noiseprints of 



the three aircraft are critically 
affected by a 3-dB variation in the 
noise source level. 


WING GEOMETRY 

The two parameters used to deter- 
mine the sensitivity of the selected 
aircraft to change's in wing geometry 
are the wing loading and aspect ratio. 


Aspect Ratio 


Variations in wing aspect ratio 
were considered with the disk loading 
of each aircraft held constant. As 

noted on Figure H— 11, attempts to 
reduce the aspect ratio are restricted 
by the propeller diameter limit. In 

fact, for the No. 2 aircraft no 
reductions are permitted unless the 
limit is relaxed . 




NO. 3 COMPROMISE 



PERCENT CHANGE ASPECT RATIO 

Figure H-1 1 . Wing Aspect Ratio Sen- 
sitivity Results for 
Turboprop Aircraft 

The sensitivity study results 
confirm that the aspect ratio for each 
aircraft gives the minimum DOC and 
noiseprint. Changing the aspect ratio 


merely penalizes the aircraft by a 
small amount. The effect is rated 
negligible for the measure of 
sensitivity. 


Loading 


Figure H-1 2 shows that the three 
aircraft are relatively insensitive to 
changes in wing loading. Due to the 
approach speed limit, only lower wing 
loadings are valid, and they are not 
desirable because of the penalties 
incurred. The penalties are suf- 
ficiently small to be rated negligible 
on the measure-of-sensitivity scale. 




NO. 3 compromise 



Figure H-12. Wing Loading Sensitivity 
Results for Turboprop 
Aircraft 


WEIGHT- 

The sensitivities of the direct 
operating costs for the selected 
aircraft were assessed for variations 
in the weight estimates for three major 
categories of propulsion, airframe, and 
fuel. For this assessment, the air- 
craft ramp weights were held constant. 
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NO. 1 COMPROMISE 


AIRFRAME 


Changes in the weights of particular 
categories were compensated for by 
equivalent, but opposite, changes in 
payload. 

The results of the weight sen- 
sitivities are depicted in Figure H-13. 
The changes in DOC reflect changes in 
the ' payload as well as in the costs of 
the propulsion system, airframe, or 
fuel commensurate with the particular 
weight changes. As indicated by the 
results, a given percent change in 
airframe weight has a significant 
impact on the percent DOC change for 
all three aircraft. In comparison, 
equal percent changes in fuel and 
propulsion weights tend to have a much 
smaller effect on the percent change in 
DOC. 

Another observation of interest is 
that nearly equal percent changes in 
DOC are realized for all three aircraft 
for an equivalent percent change in 
propulsion weight. A similar effect 
occurs for variations in percent fuel. 
In contrast, different changes in 
percent DOC are experienced for the 
three aircraft for a given percent 
change in airframe weight. 

A negligible measure-of-sensitivity 
rating describes the effect of pro- 
pulsion and fuel weight changes on DOC 
for all three aircraft. Changing the 
airframe weight has a marginal effect 
on DOC for the No. 1 and No. 3 aircraft 
and is barely significant for the No. 2 
aircraft . 

ECONOMICS 

A number of economic sensitivity 
studies were conducted to determine the 
effects of varying stage length, annual 
utilization rate, load factor, and fuel 
price. Effects were also estimated for 
varying the costs of the propeller, 
engine, airframe, total aircraft, and 
maintenance. 

Stage Length 

Flying the selected aircraft over 
stage lengths shorter than the design 
range of 4250 km (2295 n.mi.) produces 
the effects shown in Figure H-14. In 
all cases, the aircraft design and 
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Figure H— 13- Weight Sensitivity 

Results for Turboprop 
Aircraft 
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Figure H-14. Stage Length Sensitivity- 
Results for Turboprop 
Aircraft 

payload remain unchanged; only the fuel 
carried is reduced commensurate with 
the shorter range to be covered. As a 
result of the reduction in fuel, the 
ramp weight goes down, the field length 
is shortened, and consequently, the 
noiseprint becomes smaller. 

DOC is the only parameter which is 
adversely impacted by the reduced 
range. This is as expected because 
good design practice dictates that 
minimum DOCs always occur at the design 
point range. 


In terms of our measure of sen- 
sitivity, the percent change in DOC and 
noiseprint are rated negligible, while 
that for block fuel is between 
negligible and marginal. 

Annual Utilization 

Figure H-15 indicates the maximum 
potential reduction in DOC due to 
increasing the annual unit utilization 
from 3000 to 6000 hours. To understand 


NO. I COMPROMISE 

annual unit utilization, h« 
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Figure H-15. Utilization Sensitivity 
Results for Turboprop 
Aircraft 
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why the data presented form an upper 
bound on the amount of DOC reduction, 
two simplifying assumptions must be 
reviewed. First, the fleet size was 
held constant and the productivity was 
allowed to increase. To appreciate the 
significance of this assumption, 
consider that if the productivity 
requirement is unchanged , then fewer 
aircraft would be required for the 
higher utilization. This would be 
reflected in a smaller DOC reduction 
because the unit aircraft cost and the 
depreciation that is included in the 
DOC would increase due to less benefit 
from the production learning curve and 
a larger allotment of the R&D costs to 
each aircraft. 

The second simplifying assumption 
was that the aircraft have the same 
15-year calendar lifetime regardless of 
the annual utilization. If the 15-year 
period were treated as an operational 
lifetime, the aircraft depreciation 
cost per hour of use would remain 
constant with increasing annual 
utilization rather than decreasing, and 
the DOC reduction would be smaller. 

The figures show that, as the fuel 
price increases, smaller DOC reductions 
are realized at a particular utiliza- 
tion. This occurs because the fuel 
cost contribution to DOC increases 
while the portion due to depreciation 
decreases. 

Greater percent reductions in DOC 
are experienced by the No. 3 aircraft 
than by the other two at a given 
utilization and fuel price because it 
is more energy efficient. That is, the 
No. 3 aircraft requires less fuel to 
carry a unit of payload for a unit 
distance. Because of this, the portion 
of DOC contributed by fuel is rela- 
tively smaller for the No. 3 aircraft 
than for the other two, so that depre- 
ciation has a stronger effect. 

The potential percent change in DOC 
appears to be substantial; however, 
when the amount of change in utiliza- 
tion is taken into account, utilization 
has a negligible effect on DOC accord- 
ing to the measure-of-sensitivity 
ratings. 


Load Factor 

A reduction in the load factor from 
100 to 85 percent has the effects shown 
in Figure H— 1 6 for the three aircraft. 
With a 15-percent reduction in payload, 
the aircraft requires less fuel to fly 
the mission range, and the ramp weight 
is reduced accordingly. This reduced 
ramp weight results in a shorter field 
length and a smaller noiseprint. Only 
the DOC is adversely affected by 
carrying less than the design payload. 
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PERCENT CHANGE 

Figure H-16. Load Factor Sensitivity 
Results for Turboprop 
Aircraft 
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The measure-of-sensitivity rating 
for the reduction in load factor 
indicates a negligible effect on the 
block fuel and noiseprint for all three 
aircraft and a marginal influence on 
the DOC values. 

Fuel Price 

Figure H-17 shows the percent 
change in DOC that results when the 
fuel price is increased from 264 $/nr 
(100 d/gal) up to 792 $/nT (300 d/gal). 
Even though substantial changes in DOC 
are indicated, when the corresponding 
change in fuel price needed to produce 
the DOC change is accounted for, the 
measure-of-sensitivity rating is 
negligible. 



Aircraft 


Propeller Cost 

Propeller cost changes as great as 
- 50 percent were investigated and 
found to have a negligible effect on 
the DOCs of the three selected 
aircraft. For example, a 10-percent 
change in propeller cost produces less 
than a 0.1-percent change in DOC. As 
illustrated in Figure H-18, this result 
becomes more prominent as fuel price is 
increased. What happens is that the 
greater the fuel price, the larger the 
percentage contribution of fuel to DOC 
and the smaller that of items that are 
included in depreciation. Thus, the 
higher the fuel price, the smaller the 
percent change in DOC for a given 
change in propeller cost. 


NO. I COMPROMISE 



NO. 2 QUIETEST 



NO. 3 COMPROMISE 



Figure H-18. Propeller Cost Sen- 
sitivity Results for 
Turboprop Aircraft 


Engine Cost 

Figure H-19 shows the effect of 
varying the engine cost by +50 percent 
for the three aircraft. The'changes in 
DOC per unit change in engine price are 
negligibly small. For example, a IQ- 
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Airframe Cost 


percent change in engine cost produces 
less than an 0.8-percent change in DOC. 
Varying the fuel price has the same 
effect on these results as it did 
relative to the propeller. 

NO. 1 COMPROMISE fuel price 

S/M 3 (c/GAL) 



NO. 2 QUIETEST fua psice 

S/M 3 (c/GAL) 



NO. 3 COMPROMISE fuel price 

j/m3 (c/GAL) 



PERCENT CHANGE IN ENGINE COST 


Figure H— 1 9 - Engine Cost Sensitivity 
Results for Turboprop 
Aircraft 


Variations in the cost to manu- 
facture the airframe (that is, the 
aircraft without its propulsion and 
avionics systems installed) will affect 
the DOCs of the three aircraft to the 
extent shown on Figure H-20. Although 


NO. t COMPROMISE p*ice 

S/M^ (c/GAL) 



NO. 2 QUIETEST fuel price 

S/M 3 (C/GAL) 



NO. 3 COMPROMISE fuel price 

S/m3 (c/GAL) 


132 (50) 



Figure H-20. Airframe Cost Sensitivity 
Results for Turboprop 
Aircraft 


142 



the percent change in DOC for this case 
is larger than for the propeller or 
engine, its measure of sensitivity is 
still rated negligible. The basis for 
this is that a 10-percent change in the 
manufacturing cost causes less than a 
2-percent change in DOC. In this case 
also, fuel price has the same effect as 
it did relative to the propeller and 
engine, that is, increasing the fuel 
price tends to reduce the impact on DOC 
of changing the manufacturing cost. 

Flyaway Cost 


NO. 1 COMPROMISE fuel price 

S/Mi (,/GAl) 



As the unit flyaway cost of the 
aircraft changes, the DOC will be 
affected as indicated in Figure H-21 
for the three aircraft. Although a 
10-percent change in flyaway cost will 
produce between a 2 and 5-percent 
change in DOC, flyaway cost as a 
parameter rates as having a negligible 
measure of sensitivity. Increasing the 
fuel price tends to minimize the effect 
of flyaway cost on DOC just as it did 
for the propeller, engine, and 
airframe. 

Maintenance Cost 


NO. 2 QUIETEST 


FUEL PRICE 
S/M 3 (</GAl) 



Considerable discussion has been 
voiced concerning the maintenance cost 
for a turboprop type of propulsion 
system because of potential problems 
with the gearbox, propeller, and 
engine. No attempt was made to analyze 
or reduce the maintenance requirements 
for a turboprop propulsion system 
because that is clearly outside our 
purview and the scope of this study. 
However , it is within our realm to 
assess the effect of arbitrary changes 
in maintenance cost without regard for 
the cause of the change. 

Figure H-22 shows that negligible 
changes in DOC can be expected even for 
relatively large changes in propulsion 
maintenance cost for all three air- 
craft. Or, expressed numerically, a 
ten-percent change in propulsion main- 
tenance cost will cause less than a 
one-percent change in DOC. 

As for the previous cost sensi- 
tivities, increasing fuel price reduces 
the effect of changing maintenance cost 
on DOC. 


NO. 3 COMPROMISE fJEL mice 

Vm 3 k/GAl) 
132 (501 
198 ( 75) 



Figure H-21. Flyaway Cost Sensitivity 
Results for Turboprop 
Aircraft 
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NO. I COMPROMISE 


FUEL PRICE 



PERCENT CHANGE IN MAINTENANCE COST 


NO. 2 QUIETEST fuel price 

S/M 3 (c/GAL) 



-50 -23 0 25 50 


PERCENT CHANGE IN MAINTENANCE COST 

NO. 3 COMPROMISE 


132 (50) 



■50 -25 0 25 50 


PERCENT CHANGE IN MAINTENANCE COST 

Figure H-22. Maintenance Cost Sen- 
sitivity Results for Tur- 
boprop Aircraft 


APPENDIX J: TURBOFAN PROPULSION SYSTEM 

DATA AND ANALYSIS 

Performance data for the turbofan 
propulsion system were developed by 
Lockheed based on the Pratt & Whitney 
STF477 turbofan engine 2 . Pratt & 
Whitney are commended for their support 
and guidance in assisting with the 
adaptation of their basepoint engine to 
cover the range of engine performance 
requirements for this study. 

BASELINE ENGINE 

The baseline turbofan powerplant is 
the Pratt & Whitney STF477 engine which 
was derived* under NASA’s program on 
advanced engines for low energy con- 
sumption. Reference 22 presents per- 
formance and installation characteris- 
tics for this engine with a caution 
that they should be regarded as maximum 
target levels because the engine incor- 
porates very aggressive, energy- 
efficient, advanced-technology concepts 
with 1990+ operational capabilities. 
Some of the engine features are: an 

overall compression ratio of 45:1; a 
maximum combustor exit temperature of 
1700°K (2600°F); an uninstalled, sea- 
level- rated thrust of 118 kN (26,550 
lb) up to 302°K (84°F); and a mass of 
1790 kg (3940 lb). 

PERFORMANCE 

With the STF477 engine as a 
baseline, a family of 4 engines with 
discrete bypass ratios of 5.8, 8.4, 

13.0 and 18.0 was developed by using 


* D. E. Gray, "Study of Turbofan 
Engines Designed for Low Energy Con- 
sumption," NASA CR-1 35002, Pratt & 
Whitney Aircraft Division, United 
Technologies Corporation, April 1976 
(Ref. 39) 
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the methodology and background provided 
by the NASA Ames Short-Haul Systems 
Study** on thermodynamic cycle trends 
and engine parameter variations. 
Installed performance was derived for 
each of these engines in terms of net 
pylon thrust and thrust specific fuel 
consumption for takeoff, climb, and 
cruise power. The term "net pylon 
thrust” refers to the engine total 
thrust minus both engine internal 
losses and nacelle drag effects. The 
internal losses reflect typical 
subsonic transport aircraft airbleed 
and power extractions of 0.9 kg/s (2 
lb/s) and 112 kW (150 hp) , respective- 
ly, as well as inlet recovery and 
exhaust duct pressure losses. The 
nacelle drag is a summation of the 
freestream scrubbing drag over the fan 
cowl, the fan exhaust scrubbing drag 
over the gas generator cowl, the 
afterbody pressure drag due to boattail 
effects, and the spillage or additive 
drag of the nacelle forebody. 

Table J-I lists the rated thrusts 
and bare weights for the four engine 
point designs. The table also contains 
the overall dimensions for the engines, 
nacelles, and pylons for each case. An 
estimate of the nacelle drag is shown 
in Figure J-1 for each case as a 
function of cruise Mach number. This 
drag is based on both model and flight 
test results for the C— 1 41, JetStar, 
and C-5 aircraft. Corrections to the 
drag levels for other than sea-level, 
standard-day conditions may be obtained 
by multiplying by the ratio of standard 
pressure to actual ambient pressure. 

Figures J-2 through J-4 show the 
net pylon thrust and specific fuel 
consumption for the 8.4 bypass ratio 
engine at full power during takeoff, 


** T. P. Higgins, et al , "Study of 
Quiet Turbofan STOL Aircraft for 
Short Haul Transportation,” NASA 
CR-2355, Lockheed Aircraft Corpo- 
ration, 1973 (Ref. 40) 


Table J-I. Characteristics of Base- 
point Turbofan Engines 



BYPASS RATIO (BPR) 

FAN PRESSURE RATIO (FPR) 

— 

5 .a 

1.73 

3.4 

1.337 

13.0 

18.0 

1.25 

| SATED THRUST, 

KN 

103.4 

118.1 

144.0 

167.3 


LB 

23,240 

26,330 

32,373 

37,720 

1 BARE WEIGHT, 

KG 

1408 

1791 

2594 

3347 


LB 

3098 

3940 

5706 

7804 

1 DENG, 

M 

1.67 

1.92 

2.33 

2.73 

i 

FT 

3.47 

6.30 

7.6i 

3.95 

j LENG, 

M 

2.74 

2.38 

3.08 

3.26 

j 

FT 

8.98 

9.43 ; 

to. u 

10.68 

ONAC, 

M 

! 1.93 

2.23 ; 

J 2.71 

3.16 


FT 

j 6.34 

| 7.31 

1 3.88 

10.38 

LNAC, 

M 

j I 

j 2.64 

3.01 

j 3.37 

4.10 j 


FT 

| 3.66 

9.37 

j 11.72 

13.43 ! 

i 

LPYL, 

M 

4.56 

4.92 

| 5.42 

5.30 ! 


FT 

14.98 

16.14' 

17.77 

19.03 ! 

HPYL, 

M 

3.46 

3.49 

0.34 

0.5a I 


FT 

1.50 

1.61 

1.78 

1.90 j 



Figure J— 1. Nacelle Drag Estimates for 
STF477 Engine 
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^^1.68 (5.5) 
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ALTITUDE, t 000 M (FT) ■ 0 


Figure J-2. Takeoff Performance for 
STF477 Engine. Bypass Ratio = 8.4 


MACH NUMBER 


ALTITUDE , 1000 M (FT) 


MACH NUMBER 


ALTITUDE, 1000 M (FT) 


Figure J-3. Climb Performance for 
STF477 Engine. Bypass Ratio =8.4 
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PERCENT MAXIMUM CONTINUOUS POWER 

Figure J-5. Part Power Corrections for 
SIP 477 Engine. Bypass Ratio = 8.4 


SCALING PROCEDURE 

All of the performance data for the 
four turbofan engine design points are 
for one rated thrust value per engine. 
In the parametric study and for the 
selected designs, the aircraft require 
thrust levels other than those of the 
basepoint engines. For these alternate 
thrust levels, the basepoint engine 
characteristics are scaled in propor- 
tion to the ratio of required thrust to 
available thrust of the basepoint 
engine at a given power setting, alti- 
tude, and flight Mach number. In 
mathematical notation, the scale factor 
(SF) is 

SF = T ,/T .... 

required available 

or, in terms of subscripts s and b for 
scaled and base engines, respectively 

SF = T / T. (J1) 

s b 


Engine/Nacelle Dimension Scaling 

Equations for scaling the engine 
diameter (DENG) and length (LENG) are 
those available in Reference 22. 

DENG = DENG. (SF ) 0,5 (J2) 

3 □ 

LENG = LENG. (SF ) 0,43 (J3) 

S D 

Values for the diameter and length 
of the base engine were presented 
earlier in Table J-I. 

Nacelle and pylon dimensions are 
calculated as functions of engine 
diameter. Once an engine has been 
scaled to a particular thrust level, 
the overall sizes of the nacelle and 
pylon may be determined using the 
relationships shown in Table J-II. 


Table J-II. Sizing Relationships for 
Nacelles and Pylons with 
Turbofan Engines 


BPR 

5.3 

8.4 

13.0 

18.0 

DNAC/DENG * 

1.16 

1.16 

1.16 

1.16 

LNAC/DNAC 

1.37 

1.33 

1.32 

1.30 

(LNAC/DENG) 

1.58 

1.57 

1.53 

1.50 

lpylanac 

1.36 

1.27 

1.13 

1.00 

(LPYL/DENG) 

2.15 

1.99 

1 1.73 

1 1.50 

HPYL/LPYL 

0.10 

0.10 

0.10 

■ 0.10 ' 

1 

(HPYL/DENG) 

0.22 

i 

0.20 

0.17 

j 0.15 

i 


•REFER TO TABU J-1 FOR DIMENSION DEFINITIONS 


Weight Scaling 

Reference 22 gives an empirical 
equation for scaling engine weight 
(WENG). 

WENG = WENG. (SF ) 1,135 (J4) 

s b 

The weights of the baseline engines 
are listed in Table J-I. Weights for 
the nacelle and pylon are calculated 
based on their dimensions. Thus, once 
the correct dimensions are determined, 
the weights are estimated with standard 
equations so that no special weight 
scaling relationships are needed for 
these two items. 
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Performance Scaling 

Reference 22 graphically depicts 
the effect of engine scaling on 
specific fuel consumption. There is no 
effect when engines are scaled to 
larger sizes, but there is a penalty in 
scaling to smaller sizes. The magni- 
tude of the penalty is given by the 
equation 

SFC Factor = (J5) 

1.117 - 0.214 SF + 0.096 SF^ 

if SF is less than one. 

Technology Scaling 

The STF477 engine uses technology 
levels that are predicted to be con- 
sistent with a 1998 commercial engine 
certification. An earlier introduction 
of the engine would be accompanied by 
weight and specific fuel consumption 
penalties that reflect lower levels of 
advanced technology. These penalties 
are presented in Reference 22 for the 
baseline 8.0 bypass ratio engine. 
Following consultations with Pratt & 
Whitney, • similar penalties were 
developed for higher-bypass-ratio 
engines of 13 and 18 that reflect the 
additional technology advancements re- 
quired for the geared fans in these two 
engines. Estimates of the penalties 
involved in early introduction of these 
four basepoint engines are provided on 
Figure J-6. Early introduction of this 
engine is also likely to be accompanied 
by louder noise levels, which are not 
incorporated directly, but are recog- 
nized and partially accounted for in- 
directly through larger thrust require- 
ments resulting from less technology 
advancement. 

INSTALLATION CONSIDERATIONS 

The turbofan engines are mounted on 
pylons beneath the wing to provide easy 
access for maintenance with only min- 
imal adverse effects on aircraft struc- 
tural weight and aerodynamic per- 
formance. Engine placement relative to 
the wing is based on preliminary design 
guidelines that have evolved from 



Figure J-6. Estimated Adverse Effects 
of STF477 Engine Early 
Introduction 


experience in the design of transport 
aircraft . 

Spanwise Location on the Wing 

The minimum distance from the side 
of the fuselage to the centerline of 
the inboard engine is equal to twice 
the nacelle diameter. Additional 
engines are placed outboard on the wing 
with a minimum spacing between engine 
centerlines of two nacelle diameters. 

Chordwise Location on the Wing 

The exit plane of the engine nozzle 
should be located between the 10 and 20 
percent wing chord positions at the 
particular wing span station. 

Vertical Distance from Wing 

The vertical distance from the 
engine centerline to the wing center- 
line should be between 60 and 80 per- 
cent of the nacelle diameter. 

Angle of Inclination of the Engine 

The engine centerline should be 
parallel to the fuselage centerline. 
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APPENDIX K. TURBOFAN PARAMETRIC DATA 
ANALYSIS 

The purpose of this appendix is to 
provide a step-by-step description of 
the process that was followed to reduce 
the turbofan aircraft parametric data 
for the selection of point designs for 
further study. 

Before describing that process, 
however, one prior statement merits 
repeating and its implications ex- 
plained. The statement is: the 

selected turbofan aircraft are intended 
to provide bases for comparing 
propulsion systems. To allow attention 
to be focused on just the comparative 
effects of the two propulsion systems 
and minimize non-propulsion related 
effects, each turbofan aircraft has the 
same delivery capabilities as the 
corresponding turboprop aircraft. That 
is, the turbo fan and turboprop aircraft 
to be compared have identical cruise 
Mach numbers, payloads, cargo compart- 
ments, and cruise altitudes. Both 
types of aircraft are also subject to 
the same operating constraints on field 
length, approach speed, and engine-out 
climb gradients. 

The four variables considered in 
the turbofan aircraft parametric study 
are listed in Table K-I along with 
their values. The four bypass ratios 
identify discrete engine designs, which 
are scaled based on the thrust re- 
quired. (Appendix J contains descrip- 
tions of these four engines and how 
they are sized.) The engine power 
setting is defined as the ratio of 
thrust required at cruise to the thrust 
available. It provides a mechanism in 
the aircraft sizing program for in- 
creasing engine size to improve takeoff 
performance . 

For each combination of values in 
the table, an aircraft design was 
produced along with estimates of its 
performance, noise, and cost charac- 
teristics. All of the resulting 
designs were then compared so that 
optimum designs could be identified for 
various criteria. This very general 
description of what was done with the 


Table K-I. Turbofan Aircraft Para' 
metric Variables 


ENGINE 

BYPASS RATIO 

5.8, 3.4, 13.0, 18.0 

POWER SETTING • . • 

70 TO 90 PERCENT 

WiNG 

ASPECT RATIO 

3, 12, 16 

LOADING, KN/M 2 

3.3 TO 6.2 

L8/PT 2 

70 TO 130 


parametric data will now be expanded by 
presenting an example. 

For this example, one set of air- 
craft designs with variations in wing 
loading and aspect ratio has been 
chosen with these characteristics: 


o Cruise Mach Number 
o -Payload 
o Range 

o Cruise Altitude 

o Wing Sweep Angle 

o Engine Bypass Ratio 

o Engine Power Setting 


0.75 

4 Containers 
4250 km 
(2295 n.mi.) 
10. 1 km 
(33,000 ft) 
0.35 rad 
(20 deg) 
13 

0.80 


Figures K-1 through K-8 display the 
effects of variations in wing loading 
and aspect ratio on ramp weight ,* block 
fuel , takeoff distance , approach speed , 
fuel volume ratio, direct operating 
cost (DOC) for fuel at 264 $/nf 5 (1 

$/gal) , and 80-EPNdB noiseprint areas 
for full power and cutback conditions. 

Three limitations tend to be 
significant in establishing the optimum 
designs. These limitations are that 
the aircraft take off in less than 2440 
m (8000 ft), land at approach speeds 
below 69 m/s (135 kts) , and have 
sufficient wing volume to carry the 
fuel required for the specified range. 
The first step in the analysis is to 
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illustrate these limits, as shown on 
Figures K-9, K-10, and K-11, which are 
the respective graphs of takeoff 
distance, approach speed, and fuel 
volume ratio. To show these limits on 
the other figures, those combinations 
of wing loading and aspect ratio values 
are identified that lie on the limit 
lines and are transferred to the other 
figures. For this example, Figures 
K-12 and K— 1 3 (reproductions of Figures 
K-6 and K-7) are included with the 
limits noted. 

The next step is to superimpose a 
regular pattern of constant cost lines 
on the DOC graph, as shown in Figure 
K-14. These lines are then transferred 
to the noiseprint area graph in Figure 
K-15, and the minimum area values are 
read for each constant cost line. This 
procedure is repeated for the other 
combinations of engine bypass ratio and 
power setting to complete a table 
similar to Table K-II. For each subset 
in the table, that is for each DOC 
value, a minimum value is evident from 
a visual inspection. By combining the 
minimum values at each DOC level, the 
desired end result is obtained in the 
form of Figure K-16. Similar figures 
can be obtained by repeating the 
process if block fuel or DOC at another 
fuel price is preferred as the ordinate 
on the graph. 

During this study, the following 
correlation was recognized. The opti- 
mum aircraft for minimizing noiseprint 
area are obtained at those engine power 
settings for which the combinations of 
wing loading and aspect ratio values 
coincide with those along both the 
approach speed and field length limits. 
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Figure K-1 . Ramp Weight Variation for Turbofan Parametric Example 
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Figure K-2. Block Fuel Variation for Turbofan Parametric Example 
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Figure K-3. Takeoff Distance Variation for Turbo fan Parametric Example 
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Figure K-7 . Noiseprint Variation at Full-Power for Turbofan Parametric Exampl 



Figure K-8. Noiseprint Variation at Cutback for Turbofan Parametric Example 
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Figure K-9. Takeoff Distance Limit Imposed for Turbofan Parametric Example 



Figure K-10. Approach Speed Limit Imposed for Turbo fan Parametric Example 
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Figure K-12. Direct Operating Cost Variations with Limits Applied for Turbo- 
fan Parametric Example 
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Figure K-13. Noiseprint Variations with Limits Applied for Turbofan Para 
metric Example 
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Figure K-14. Constant Cost Lines Used in Analysis Applied to DOC Graph 
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Table K-II. Sample Data Compilation 
for Turbofan Aircraft 
Parametric Study 


DOC, C/TKM 

ENGINE 

NOISEPRINT AREA (SQ KM) FOR 

FUEL AT 264 

BYPASS 

ENGINE POWER SETTINGS (PERCENT) 

S/M 3 

RATIO 

95 

90 

85 

80 

75 

70 

10.2 

5.8 


• 

* 

85.2 

31.3 

80.0 


3.4 

* 

* 

67.8 

66.0 

64.2 

62.4 


13.0 

• 

♦ 

37.8 

• 

* 

* 


18.0 

* 

♦ 

* 

* 

* 

* 

10.3 

5.8 

* 

• 

• 

85.2 

32.8 

81.0 


8.4 

* 

69.1 

68.6 

66.3 

64.7 

62.9 


13.0 

* 

38.6 

38.1 

37.0 

* 

* 


18.0 


* 

* 

* 

* 

* 

10.4 

5.8 


• 

87.8 

86.2 

83.9 

82.1 


8.4 

* 

69.6 

69.4 

67.8 

65.5 

63.4 


13.0 

39.6 

38.8 

38.1 

37.3 

* 

• 


18.0 

* 




• 


DOC, c/TNM j 

ENGINE 

NOISEPRINT AREA (SQ Ml) FOR 

j 

FUEL AT 

BYPASS 

ENGINE POWER SETTINGS (PERCENT) l 

1 S/GAL 

RATIO 

95 

90 

85 

80 

75 

70 

17.2 | 

5.8 

* 

* 

• 

32.9 

31.6 

30.9 


8.4 

• 

♦ 

26.2 

25.5 

24.8 

24.1 


13.0 

♦ 

* 

14.6 

♦ 

* 

# 


18.0 

* 

* 

« 

* 

* 

* 

17.4 

5.8 

* 

♦ 

* 

32.9 

32.0 

31.3 


8.4 

* 

26.7 

26.5 

25.8 

25.0 

24.3 


13.0 

♦ 

14.9 

14.7 

14.3 

♦ 

* 


18.0 

* 

* 

* 

* 

* 

• 

17.6 

5.8 

• 

* 

33.9 

33.3 

32.4 

31.7 


3.4 

• 

26.9 

26.8 

26.2 

25.3 

24.5 

i 

j 

13.0 

15.3 

15.0 

14.7 

14.4 

* 

* 

i 

18.0 


* 

* 

* 

* 

* 
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Figure K-16. DOC - Noiseprint Results 
for Use in Aircraft 
Selection 


• NO DESIGNS OBTAINABLE AT SPECIFIED CONDITIONS WITHIN CONSTRAINTS. 
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APPENDIX L: TURBOFAN SENSITIVITY 

STUDIES 

The three turbofan aircraft served as 
baseline vehicles in a series of sen- 
sitivity studies, which are presented 
in this appendix. Table L-I lists all 
of the sensitivity parameters that were 
investigated, which fall under four 
major headings of performance, weight, 
wing geometry, and economics. 

Using the same approach as for the 
turboprop aircraft sensitivity studies, 
percent variations in noiseprint, DOC, 
and block fuel were used as indicators, 
where applicable, of the effect of the 
various sensitivity parameters. To 
determine which factors have the 
greatest impact on these indicators, 
the previously defined measure of 
sensitivity (MOS)* was used. 

Further details on the individual 
sensitivity studies are provided in 
subsequent sections. Unless otherwise 
noted, only one independent variable is 
allowed to change in each case. In 
general throughout these studies, the 
DOC variations are for a fuel price of 
264 $/nr (100 d/gal), and the noise- 
print variations are for an 80 EPNdB 
level. Any exceptions are noted. 

PERFORMANCE 


Six performance-related sensitivity 
studies were performed to assess the 


* The measure of sensitivity (MOS) is 
the ratio of the percent change that 
occurred in one of the indicators to 
the percent change in the sensitivity 
parameter. For qualitative evalua- 
tion purposes, the numerical MOS 
values are arbitrarily interpreted as 
follows : 


Numerical 
Evaluation 
MOS < 1 

1 < MOS < 2 

2 _< MOS _< 5 

MOS > 5 


Qualitative 

Interpretation 

Negligible 

Marginal 

Significant 

Critical 


Table L-I. Turbofan Aircraft Sensi- 
tivity Studies 


PERFORMANCE 

o CRUISE ALTITUOE 
o ORAG 
9 FIELD LENGTH 
9 APPROACH SPEED 
9 GLIDESLOPE 
9 NOISE LEVEL 

WEIGHT 

9 PROPULSION SYSTEM 
9 AIRFRAME 
9 FUEL 


WING GEOMETRY 

9 ASPECT RATIO 
9 WING LOADING 

ECONOMICS 

9 STAGE LENGTH 
9 UTIUZATION 
9 LOAD FACTOR 
9 FUEL PRICE 
9 ENGINE COST 
9 AIRFRAME COST 
9 FLYAWAY COST 
9 MAINTENANCE COST 


effect of varying the initial cruise 
altitude, aircraft drag estimate, field 
length limit, maximum approach speed, 
glideslope on approach, and predicted 
noise source level. 

Cruise Altitude 

Varying the initial cruise altitude 
from the base value of 10.1 km (33.000 
ft) has a negligible effect on the 
noiseprint, DOC, and block fuel of the 
three turbofan aircraft. This con- 
clusion is reached based on the sen- 
sitivity results in Figure L-1 . These 
results confirm that the No. 2 quietest 
aircraft is at the best altitude for 
minimum noise and minimum DOC. Like- 
wise, the base altitude for the No. 1 
and No. 3 compromise aircraft gives 
minimum DOCs and block fuels within the 
field length constraint. A small re- 
duction in noiseprint could be achieved 
for the two compromise aircraft by in- 
creasing the altitude which, because of 
the lapse rate effect, substantially 
increases the sea-level-rated thrust of 
the engines and, as a result, shortens 
the field length. 

Aircraft Drag 


Figure L-2 shows that there are 
some marginally significant effects 
produced by aircraft drag variations 
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NO. I COMPROMISE 





Figure L-2. Aircraft Drag Sensitivity 
Results for Turbofan 
Aircraft 


Figure L-1 . Altitude Sensitivity 
Results for Turbofan 
Aircraft 

that range from reductions of 20 counts 
to increases of 40 counts. In general, 
all three aircraft exhibit very similar 
effects from drag variations. The para- 
meters most noticeably affected are 
engine thrust and field length. Engine 
thrust changes in direct proportion to 
drag and has an inverse effect on field 
length. These two changes counteract 
each other and tend to minimize their 
influence on the noiseprint. 


Of the other two major indicators, 
the block fuel varies by 1.5 percent 
for each 1.0 percent change in drag. 
This is roughly twice the rate of 
change experienced by DOC. 

Field Length 

All three aircraft take off in 
field lengths that are either at the 
maximum length permitted or are close 
to it. Figure L-3 shows the effects of 
designing these aircraft for other 
field lengths by allowing the wing 
loading to change. In every case, 
requiring shorter field lengths would 
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Figure L-3. Field Length Sensitivity 
Results for Turbofan Air- 
craft 


have only negligible effects in terms 
of the measure of sensitivity on the 
noiseprints, DOCs, and block fuels of 
these aircraft. 

Approach Speed 


heavier, consume more fuel, cost more 
to operate, and make more noise. All 
of these effects are adverse with 
marginal to negligible ratings in terms 
of the measure of sensitivity. Thus, 
within the constraints and considera- 
tions of this study, there is no 
apparent reason for seeking a lower 
approach speed. 




All three aircraft are designed for 
the limiting approach speed of 69 m/s 
(135 kt) . The effects of changing this 
limit by varying the wing loading are 
shown in Figure L-4. 

Any attempts to increase the 
approach speed are quickly squelched 
because of the field length and fuel 
volume constraints that become 
applicable. No such restrictions exist 
that mitigate against lowering the 
approach speed; however, there is a 
practical consideration. Substantial 
reductions in wing loading are required 
to lower the approach speed because the 
wing area is inversely proportional to 
the wing loading. Also, lower approach 
speeds mean that the aircraft become 


Figure L-4. Approach Speed Sensitivity 
Results for Turbofan 
Aircraft 


Glideslope 

All of the noiseprints were cal- 
culated for an approach flight profile 
that is in accord with the FAR standard 
0.05-rad (3-deg) glideslope. An 

alternate 0.1-rad (6-deg) glideslope 

was investigated for the three turbofan 
aircraft. As indicated by the results 
in Figure L-5, this 0.05-rad (3-deg) 

change in glideslope produces about a 
10-percent reduction in noiseprint 
area. This effect is three times what 
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80 EPNdB NOISEPRINT AREA 


SQ Ml 


WEIGHT 


SQ KM 



1 COMPROMISE 2 QUIETEST 3 COMPROMISE 

TURBOFAN TUR80FAN TURBOFAN 


Figure L-5. Glideslope and Noise 

Source Level Sensitivity 
Results for Turbofan 
Aircraft 

it was for the turboprop aircraft. The 
reason for the difference is apparent 
following an examination of the noise- 
prints for comparable turboprop and 
turbofan aircraft. Visual inspection 
of the noiseprint shown in the main 
section of this report for the turbo- 
prop aircraft reveals that the approach 
portion of the noiseprint is about 
one-fifth of the total area. In 
contrast, approach is responsible for 
one-third to one-half of the total 
noiseprint for the turbofan. 

The turbo fan aircraft also benefits 
more from a steeper glideslope than 
does the turboprop aircraft because the 
turbofan aircraft is not subject to the 
combination of tip speed and forward 
speed effects at altitude that plague 
its counterpart. However, in terms of 
the measure-of-sensitivity ratings, the 
effect of varying the glideslope is 
negligible. 

Noise Source Level 

Figure L-5 also shows what the 
effects are if the predicted level for 
the noise source is off by +3 dB. 
Every 3-dB increase in noise level 
produces approximately a 40-percent 
increase in noiseprint. Relative to 
the 80-EPNdB level of the base cases, 
the effect of changing the noise source 
level is critical to the size of the 
noiseprint . 


Sensitivities of the direct oper- 
ating costs for the turbofan aircraft 
were assessed for variations in the 
weight estimates for three major 
categories of propulsion, airframe, and 
fuel. For this assessment, the 
aircraft ramp weights were held 
constant. Changes in the weights of 
one of the three categories were 
compensated for by equivalent, but 
opposite, changes in payload. 

Figure L-6 displays the results of 
these weight sensitivity studies. The 
changes in DOC reflect the adjusted 
payload weight as well as different 
costs for the propulsion system, 
airframe, or fuel which resulted from 
changing the weight of the particular 
category. As indicated by the results, 
the No. 2 quietest aircraft is more 
sensitive to the weight changes than 
either of the compromise aircraft. For 
all three aircraft, propulsion and fuel 
weight changes have a negligible 
effect. Airframe weight variations 
have a significant effect on the No. 2 
aircraft, but the impact on the No. 1 
and No. 3 aircraft is lower, having 
only a marginal effect. 

WING GEOMETRY 

The two parameters used to 
determine the sensitivity of the 
selected aircraft to changes in wing 
geometry are the wing loading and 
aspect ratio. 

Aspect Ratio 

Variations in wing aspect ratio 
were investigated with the wing loading 
held constant for each aircraft. As 
noted in Figure L-7, approach speed and 
field length limits preclude going to 
higher aspect ratio values. Decreasing 
the aspect ratio from the base value 
for each aircraft produces only adverse 
effects on the three sensitivity 
indicators, even though the amount is 
negligible on the sensitivity rating 
scale. In every case, the sensitivity 
study results confirm that the aspect 
ratio chosen for each aircraft gives 
the minimum noiseprints, DOCs , and 
block fuels. 
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NO. 1 COMPROMISE 




Figure L-6. Weight Sensitivity Results 
for TUrbofan Aircraft 
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Figure L-7. Wing Aspect Ratio 

Sensitivity for Turbofan 
Aircraft 


Wing Loading 

Figure L-8 shows that the three 
aircraft are relatively insensitive to 
changes in wing loading. Due to 
approach speed, field length, and fuel 
volume limits, only lower wing loadings 
are valid, and they are not desirable 
because of the penalties incurred, even 
though they are negligibly small. 

ECONOMICS 

Sensitivity studies were conducted 
to determine the effects of such 
economic related parameters as stage 
length, annual utilization rate, load 
factor, and fuel price. The effects of 
varying the costs of the engine, air- 
frame, total aircraft, and maintenance 
were also assessed. 

Stage Length 

Operating the turbofan aircraft 
over stage lengths that are shorter 
than the 4250 km (2295 n. mi.) design 
range produces the effects shown in 
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Figure L-8. Wing Loading Sensitivity 
Results for Turbofan Air- 
craft 
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Figure L-9. In each case, the aircraft 
design and payload are unchanged, but 
the amount of fuel carried is reduced 
corrmensurate with the particular stage 
length to be flown. As a result of the 
smaller fuel load, the ramp weight is 
reduced, the field length is shortened, 
and consequently, the noiseprint be- 
comes smaller. Only DOC is adversely 
affected by the reduced range, as 
expected, because minimum DOC always 
occurs at the design point range for an 
efficient design. 

Even though the total changes in 
block fuel and DOC appear to be large, 
when the change in range is accounted 
for, as in our measure of sensitivity, 
the effects of varying stage length are 
perceived to be negligible. 

Annual Utilization 

Two simplifying assumptions were 
used in determining the effect on DOC 
of increasing the annual unit utiliza- 
tion from 3000 to 6000 hours. First, 
fleet size is constant and productivity 
is allowed to increase; and second, the 



0 500 IQOO 1500 2000 2500 NM 

STAGE LENGTH 


Figure L-9. Stage Length Sensitivity 
Results for Turbofan 
Aircraft 

aircraft have a 15-year calendar life- 
time regardless of utilization. The 
implications of these assumptions have 
already been discussed in a comparable 
section on turboprop aircraft; they 
will not be reiterated here. 

Figure L-10 indicates the maximum 
potential reduction in DOC due to in- 
creased utilization. As fuel price in- 
creases, smaller DOC reductions will be 
realized because the fuel cost con- 
tribution to DOC increases, while the 
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Figure L-10. Utilization Sensitivity 
Results for Turbofan 
Aircraft 


depreciation portion, which benefits 
from higher utilization, decreases. 

The No. 3 aircraft has the 

potential for achieving greater DOC 
reductions with increased utilization 
than the other aircraft because it is 
more energy-efficient. That is, the 
No. 3 aircraft requires less fuel to 
carry a unit of payload for a unit 
distance. Because of this, the portion 
of DOC contributed by fuel for the No. 
3 aircraft is relatively smaller than 
for the other two aircraft. Thus, 


depreciation has a stronger effect. 

The potential percent reduction in 
DOC is rated as negligible when the 
required change in utilization is taken 
into account. 

Load Factor 

A 15-percent reduction in load 
factor has the effects shown in Figure 
L-11. With 15 percent less payload to 
carry, the aircraft require less fuel 
to fly the mission range, and the ramp 
weights are reduced accordingly. As a 
result, the field lengths are shortened 
and the noiseprints become smaller. 
Only the DOCs are penalized by carrying 
less than the design payload. 


NO. I COMPROMISE 



NO. 2 QUIETEST 



NO. 3 COMPROMISE 



Figure L-11. Load Factor Sensitivity 
Results for Turbo fan 
Aircraft 
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As suggested by the figures , the 
reduced load factor has a negligible 
effect on the block fuel and noiseprint 
for the three aircraft. The effect on 
DOC is barely marginal for the two 
smaller aircraft and negligible for the 
larger No. 3 aircraft. 

Fuel Price 

Figure L-12 shows the percent 
change in DOC that results when the 
fuel price is increased from 264 
$/m i (100 d/gal) to 792 $/m :i (300 

6 / gal) . Although substantial changes 
in DOC are indicated, when the corres- 
ponding change in fuel price is 
recognized, the measure-of-sensitivity 
rating is negligible. 



Figure L-12. Fuel Price Sensitivity 

Results for Turbofan Air- 
craft 


Engine Cost 

Varying the engine cost by up to + 
50 percent has negligibly small effects 
on the DOCs of the three aircraft, 
based on the results in Figure L-13. 
For example, a 10-percent change in 
engine cost produces less than a 
0.6-percent change in DOC. As fuel 
price increases, the effect of engine 
cost becomes even smaller because fuel 
contributes a greater percentage of DOC 
and the share for engine depreciation 
is less. 

Airframe Cost 

Variations in the cost to 
manufacture the airframe (the aircraft 
without its propulsion and avionics 
systems) will affect the DOCs of the 
three aircraft to the extent shown in 



FUEL MICE 



FUEL PRICE 



Figure L-13. Engine Cost Sensitivity 
Results for Turbofan 
Aircraft 

Figure L-14. Although the percent 
change in DOC for this case is larger 
than for the engine, the measure of 
sensitivity is still negligible. The 
basis for this is that a 10-percent 
change in the manufacturing cost gives 
less than a 2-percent change in DOC. 
In this case also, fuel price has the 
same effect as it did on the engine, 
that is, increasing the fuel price 
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Figure L— 14. Airframe Cost Sensitivity 
Results for Turbofan 
Aircraft 


tends to reduce the impact on DOC of 
changing the manufacturing cost. 

Flyaway Cost 


Figure L-15. The DOC variations 
between 2 and 5 percent that are 
produced by a 10-percent change in the 
flyaway cost are negligible on the 
sensitivity rating scale. Higher fuel 
prices reduce the effect of flyaway 
cost on DOC just as they did for the 
engine and airframe. 


NO. 1 COMPROMISE $/5 (c/gal) 




FUEL PRICE 
5/M 3 (c/GAL) 



PERCENT CHANGE in FLYAWAY COST 


Changing the unit flyaway cost of Figure L-15. Flyaway Cost Sensitivity 
the aircraft, affects the DOC of the Results for Turbofan 

three aircraft to the extent shown in Aircraft 
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Maintenance Cost 


To complete this parallel series of 
studies, a maintenance cost sensitivity 
study was performed for the turbofan 
aircraft. Figure L-16 shows that neg- 
ligible changes in DOC can be expected, 
even for relatively large changes in 
propulsion system maintenance for all 
three aircraft. Expressed numerically, 
a 10-percent change in propulsion 
maintenance cost will cause less than 
an 0.8-percent change in DOC. As for 
the previous cost sensitivities, in- 
creasing fuel price reduces the effect 
of changing maintenance cost on DOC. 



fuel, nice 



FUEL PRICE 



Figure L-16. Maintenance Cost Sen- 
sitivity Results for Tur- 
bofan Aircraft 
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APPENDIX M: ADDITIONAL NOISE 

CONSIDERATIONS 

The purpose of thi3 appendix is to 
document some small noise-related 
studies that were conducted following 
the comparison of the turboprop and 
turbofan powered aircraft. 

PROPELLER SLIPSTREAM EFFECTS ON AIR- 
FRAME NOISE 

Our results show that airframe 
noise predominates on approach for the 
three turboprop aircraft. Furthermore, 
we note that the airframe noise of the 
turboprop aircraft is between 2.5 and 
3.5 dB noisier than for the turbofan 
aircraft on approach when both aircraft 
are at essentially the same conditions 
(Compare corresponding aircraft in 
Tables XV and XXVI). The differences 
in airframe noise at the other measur- 
ing points cannot be attributed solely 
to the propeller slipstream because of 
the variances in aircraft altitude and 
speed . 

To understand the contribution of 
the propeller slipstream to airframe 
noise, the noise levels of the major 
airframe components* were calculated 
with and without the slipstream. The 
results are presented in bar graph form 
in Figure M-1 for the No. 2 Quietest 
Turboprop Aircraft at the approach 
measuring point. In this case, the 
flaps, which are deflected 0.87 radians 
(50 degrees) , are the major noise 
source. While the slipstream adds 3.5 
dB to the flap noise, the net effect is 
only an additional 2.6 dB on the total 
airframe (wing + tail + flaps + gear) 
because the slipstream does not affect 
the gear , and it has only a small 
effect on the wing and tail combin- 
ation . 


* While the fuselage is a major 
structural element of the airframe, 
Reference 31 has shown that the 
noise level produced by the fuselage 
is negligible relative to the other 
structural elements and is not 
included here. 


m SUP-STREAM 



Figure M-1. Propeller Slipstream 
Effects on Noise 


Without the slipstream effects, the 
noise levels in Figure M-1 should be 
those expected for a turbofan-powered 
aircraft of the same geometry. A check 
of the numbers confirms that this is 
indeed the case. The 96.3 dB noise 
level shown for the total airframe 
(wing + tail + gear) without the slip- 
stream is only 0.2 dB lower than the 
airframe noise level listed previously 
in Table XXVI for the No. 2 Turbofan 
Aircraft. This small difference occurs 
because the turboprop aircraft is 
slightly smaller than the turbofan air- 
craft, having lower values of wing 
area, wing aspect ratio, and tail area. 

ACOUSTIC GROUND REFLECTION EFFECTS 

In this report, all of the pre- 
dicted noise levels include 3 db more 
than free-field noise levels to account 
for ground reflection effects. This 
assumption is based on experience with 
noise measurements for noise-suppressed 
turbo fan-powered aircraft, where the 
noise spectra are characterized by 
broad-band energy contained in the 
middle and upper frequencies, and where 
the microphone is pole mounted over a 
hard surface. This ground reflection 
effect is not very sensitive to micro- 
phone heights above 2 feet. 
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For an aircraft powered by a pro- 
peller where the noise spectra contains 
low frequency discrete tones, in addi- 
tion to broad band noise, the ground 
reflection effect is more complex. The 
situation is illustrated in Figure M-2 
franr Reference 41 for the two types of 
n oi s e sources when they are located 
directly above a perfectly reflecting 
surface and the microphone is 4-ft 
store ground, e.g., FAR 36 microphone 
locations. As shown, the propeller 
discrete tones can be subject to large 
cancellations, or reinforcements of up 
to 6 dB, depending upon their fre- 
quency, while the broad band noise 
ccnrxng from the engine core and air- 
frame is subject to an average increase 
of 3 dB. The resulting effect, in 

terms of A PNdB and A EPNdB, requires 
detail evaluation; however, through 
judicious selection of propeller fre- 
quencies, tone cancellation can reduce 
the propeller discrete-frequency noise 
at the 4-ft high microphone. Any noise 
reduction obtained by this frequency 
tuning is, however, sensitive to micro- 
phone height and thus does not hold for 
all points in space. These effects 
will be diminished if the ground 
surface were considered to be partially 
absorbing instead of perfectly 
reflecting - a more difficult case to 
analyze . 

As an example, estimates of these 
effects have been evaluated for the No. 
2 Quietest Turboprop Aircraft. The 
propeller fundamental tone is close to 
7T Hz, and consequently, the flyover 
noise is attenuated. But, in contrast, 
the first harmonic at 142 Hz is subject 
to a 6-dB increase, and the engine/air- 
frame mid-to-high frequency components 
are subject to a 3-dB increase. The 
overall effects on noiseprints are 
shown in . Figure M-3, where a reduction 
in flyover noise is indicated. For a 
sideline location, the overall effect 
is different because of a different 
source/ground/observer geometry, and a 
slight increase in sideline noise is 
shown. In this example, inclusion of 
propeller- tone ground-reflection 
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Figure M-2. Ground Reflection Effects 

effects provides some reductions in 
noiseprint areas at the two lower noise 
levels of 70 and 80 EPNdB. 

Based on these results, we must 
conclude that further study is needed 
on the influences of ground reflection 
effects - both ground absorption 
characteristics and microphone height - 
on the selection of propeller rotation- 
al frequencies for the low-noise design 
of turboprop-powered aircraft. 
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Figure M-3. Noiseprint Sensitivity to Ground Reflection Effects 
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